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Abstract
Nitrogen-Vacancy (NV) center in diamond is a remarkable quantum system with exceptional elec-
tronic and optical properties. The NV center has been discovered in different charge states such as
neutral, positive and negative. However, most of the research is conducted on the negatively charged
NV center due to the fact that it can be useful for a wide range of applications. The distinct char-
acteristics of NV centers are the position of the zero-phonon line and the temperature dependence
of zero-phonon line emission relative to the phonon sidebands in the luminescence spectrum. The
detection of electron spin resonance of NV center is the key for magnetometry. The brightness and
photostability of NV centers enable us many biological investigations such as biolabeling and imag-
ing. The photoluminescence spectroscopy of NV center allows us to observe the zero phonon line
which can help us with thermometry. The ability to control and manipulate the electronic spin has
been used for magnetometry in various modes. The spin-dependent luminescence of NV center can
further be used for temperature, pressure and magnetic-field sensing. In conclusion, the NV center in
nanodiamonds provides us various options of applicability for nanoscale research under ambient con-
ditions. Efforts of pushing the limits of sensitivity and spatial resolution of nanosensing have brought
NV center at the forefront of the list of most advance contemporary techniques.
This thesis is composed of several experiments which were conducted using ensembles of NV centers
in nanodiamonds. Each analysis addresses essential issues and questions, which were not investigated
before. The structure of my thesis is designed so that the chapters provide the readers with experi-
mental details and investigation. Most part of my thesis is focused on the applications of nanosensing.
Chapter 3 provides procedures for characterization of commercially available nanodiamonds. Chapter
4 describes an experiment on NV magnetometry and the goal was to find accuracy in magnetic-field
sensing. Chapter 5 is an extension of the work done in chapter 4, I used the experimental setup
and analysis for the sensing and detection of magnetic nanoparticles attached with nanodiamonds.
In Chapter 6, I designed an all-optical method of thermometry using the photoluminescence spec-
troscopy of NV centers. Finally, chapter 7 is the study of micro-droplet evaporation dynamics. Over-
all this thesis narrates the experimental procedures and discussions for NV nanosensing applications.
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Chapter 1
Introduction
1.1 Significance and motives of this work
The capability to observe, measure and control temperature and magnetic fields at nanoscale has
been a prime goal of optical nanosensing. Quantum phenomena such as superposition and entangle-
ment can be utilized for quantum information processing. The building block of quantum computers
are qubits (two level quantum-system). Physical systems for quantum information processing and
nanosensing are also available such as superconducting-circuits and trapped ions. However these sys-
tems require lower temperatures for nanosensing [7, 8], therefore the quest to search new quantum-
qubits is still under-progress such as a solid-state spin-qubit that possess long coherence time, enable
us to control and manipulate precisely and work at ambient conditions. On the other side sensing and
imaging of electromagnetic fields and temperatures can revolutionize the industry of biomedicines,
nanotechnology leading towards magnetic resonance imaging [9]. Scientists are trying to develop
optical techniques for diagnostics and treatment of various types of cancers found in human bod-
ies [10, 11].
Negatively charged nitrogen-vacancy (NV) center is a naturally occurring luminescent-impurity in
the diamond. The NV center in diamond is currently one of the many other available nanoscale op-
tical sensors [12]. Being a solid-state quantum-system it provides us the opportunity to achieve the
sensitivity and spatial-resolution at the scale of nanometers. The ability to optically control and ma-
nipulate the spin-state of the NV center has made it an ideal candidate for a wide range of nanosensing
applications [13]. The most prominent feature of the NV center is the spin-dependent luminescence
which has been exploited in a vast number of published experiments during the past 20 years [14].
The luminescence spectra of NV center also provide us various exciting opportunities such as nan-
1
othermometry. Currently the researchers working on NV centers are now making strategies for novel
applications of NV based nanosensing by enhancing the optical properties using functionalized nan-
odiamonds. The NV center has already proved to be a rich source for scientific investigations and
explorations. Most of the research is still restricted to laboratories, but the rapid growth in this field
will eventually join the industrial and commercial society with a massive impact on the development
of science and technology.
1.2 Aims and extent of this thesis
During the previous decade, extensive research has been carried out theoretically and experimen-
tally to formulate NV magnetometry in various modalities. The NV-center in bulk crystal and in
nanocrystals have shown the capability of nanoscale magnetic field and temperature sensing [13].
Much attention was given towards the goals such as higher sensitivity, spatial resolution and faster
data acquisition. However, my research was oriented towards experimental applications of NV mag-
netometry and thermometry. The detailed experimental analysis given in my thesis was conducted to
figure out important and unsolved problems in NV nanosensing and then solving those problems.
The results presented in this thesis target important issues of nanosensing and provide new possibil-
ities for research exploration in nanotechnology, biomedical science and condensed matter physics.
The scope of my thesis is
1. Design and experimentally demonstrate an all-optical nanothermometry technique which is
based on the NV photoluminescence. The goal is to achieve minimum noise floor which could
be comparable to the reported results of the most prominent nano thermal probes.
2. Experimentally determine the accuracy of NV magnetic-field sensing using nanodiamonds.
3. To deploy NV magnetometry for detection of magnetic nanoparticles especially single domains.
4. Demonstration of a method for characterization of commercially available nanodiamonds using
their luminescence intensity.
5. To utilize the NV luminescence for investigation of evaporation dynamics of micro-droplets.
1.3 Outcomes and achievements
This thesis is composed of several experiments which are conducted to investigate the nanosensing ca-
pabilities of NV centers in nanodiamonds especially the nanoscopic thermometry and magnetometry.
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During my doctoral studies, I published four research papers in international scientific journals.
NV centers in 35 nm nanodiamonds have been used for the demonstration of nanothermometry. I
have provided an all-optical method for nanothermometry using the NV photoluminescence. The
advantage of this method over ODMR based techniques is the simplicity in the experimental setup.
The results have shown that our method is applicable for sensing over a broad range of temperatures
such as 295 K to 323 K. I have experimentally achieved a temperature noise-floor of 0.3 K/
√
Hz. The
achieved noise floor is comparable to the ODMR techniques which are complicated in terms of their
experimental procedure.
The scope of NV magnetometry has been widely reported in the last decade with a goal to achieve
minimum noise floor. However, applications in nanobiotechnology would require precise control and
observation of the magnetic field. To address the issue of accuracy in measurement of magnetic field,
I conducted experiment analysis using 35 nm nanodiamonds. My experimental results have shown
that continuous wave ODMR technique can be used for magnetometry with an accuracy of 20 µT.
Another application of NV magnetometry has been demonstrated where NV centers in nanodiamonds
have lead us to explore single-domain nanomagnets. I used composite nanoparticles, where nanodia-
monds (40 nm) are chemically attached with iron oxide nanomagnets (12 nm). The saturation mag-
netization of single domains enables us to detect their presence with the nanodiamonds. The results
provided could open possibilities towards magnetic hyperthermia [15].
Fluorescent Nanodiamonds dissolved in deionized water are commercially available in various size
and NV concentrations. These available varieties are suitable for research and industries such as
bioelectronics, drug delivery, biolabeling and nanomaterials. I have developed a luminescence-based
method to determine the size distributions of nanodiamonds. The method would help researchers for
the characterization of fluorescent nanodiamonds.
Finally, I have used the nanodiamonds for the analysis of microdroplet evaporation. I have shown
that the imaging of nanodiamonds could enable us to observe the formation of the Coffee rings and to
validate the existing theoretical models of droplet evaporation. The strong NV luminescence and the
ability for nano-thermometry can open prospects of nano-chromatography and droplet-based biosens-
ing.
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1.4 Thesis outline
The chapter 2 of my thesis provides the reader an introduction to the basics of NV center, electronic
structure and optical properties. The ESR of NV center has also been discussed in relation to mag-
netometry. A review of the emerging applications of NV center reported in last 10 years is also
presented. Finally, some technical issues with commercial nanodiamonds are also discussed along
with future prospects and potential applications of NV nanosensing are mentioned.
Chapter 3 describes a review of the NV photo-excitation properties such as luminescence quantum-
yield, NV concentration, absorption cross-section. The chapter also details about the size distribution
measurement of nanodiamonds using the luminescence.
Chapter 4 describes magnetic field sensing using nanodiamonds. I have presented details along with
experimental results in order to figure out how accurately an unknown magnetic-field can be mea-
sured using the NV-centers in nanodiamonds. I also discussed the consequences of magnetic-field
inhomogeneity, laser heating, crystal imperfections and the paramagnetic impurities in diamond.
Chapter 5 provides the applications of NV magnetometry for sensing nanomagnets. I have given
experimental results to show the detection of single domain iron-oxide nanocrystals attached with
nanodiamonds. I used NV magnetometry experimental setup described in the previous chapter for
sensing the magnetic fields of the superparamagnetic nanocrystals. The saturation magnetization
behaviour of single domain nanomagnets helps us to identify their presence.
Chapter 6 is an application of nanodiamonds for thermometry. This chapter provides an experimental
and theoretical description of an all-optical luminescence based thermometry technique. Recently
published experimental progress towards NV thermometry is also discussed along with the benefits
of our technique. A comparison of our technique with other luminescent nanothermometers such as
quantum dots and fluorescent dyes is also carried out.
Chapter 7 is an application of nanodiamonds for studying the evaporation dynamics of water droplets.
This chapter provides experimental analysis of the formation of Coffee Rings and the deposition pat-
tern on substrates. Three-dimensional movements of nanodiamonds in water droplets have been stud-
ied along with the nanodiamonds velocity analysis. The available model of droplet evaporation are
also narrated. Simulations of droplet surface temperature are also carried using COMSOL Multi-
physics. Chapter 8 summarizes the conclusions and possible future developments of my thesis.
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Chapter 2
NV centers in diamond, properties and recent
applications
2.1 Introduction
This chapter contains a short summary of the nitrogen-vacancy defect centers in diamond. I will
provide some detail on their creation, structure and optical properties. Experimental methods and
research highlights on recent applications for bio and nanotechnologies are also narrated. This chapter
will provide the reader a review of recent trends and a short explanation of the physics involved in the
methods used for nanosensing using the nitrogen-vacancy centers.
2.2 Defects in Diamond and the NV-center
Diamond is considered as a special material due to its exceptional physical properties. Known as the
hardest natural material it has been used as a cutting tool. Apart from material strength diamond has a
high refractive-index (2.4) and high thermal-conductivity 2200 W/(mK). Diamond is a wide band-gap
(5.5 eV) semiconductor material [16]. Diamond is chemically-inert and non-toxic even under harsh
environmental conditions. The intrinsic chemical and physical properties of diamond are suitable for
biocompatibility [17].
About 99% diamond is composed of Carbon 12C and 1% by 13C. The mechanical stability, thermal
conductivity and optical transparency of diamond make it useful for various industrial applications
such as cutting, drilling, grinding and polishing [18]. Pure diamond is completely transparent and col-
orless, yet the apparent colour is due to the presence of intrinsic impurities and structural defects also
known as defect centers. Over the past few decades, extensive research has been conducted to explore
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defect centers in diamond such as Nitrogen-vacancy centers, silicon vacancy centers, germanium and
chromium vacancy centers [19].
Diamonds can be classified into mainly four types: Ia, Ib, IIa, and IIb [20,21]. The difference between
these types of diamond is the concentration of nitrogen. The concentration of nitrogen in type Ia is
about 2000 ppm and type Ib contains 200 ppm of nitrogen, whereas type IIa and type llb contains
only few nitrogen atoms [21]. High-temperature high pressure and chemical vapour deposition grown
diamond belongs to type Ib. Naturally existing diamond could have various luminescent impurities
in it. Over the last decade, NV center in diamond is the most widely studied, analyzed and used in
research applications, however other defects such as silicon vacancy center [22], chromium vacancy
center [23] are also being explored. Silicon vacancy (SiV) center is formed by the combination of
silicon atom in between two vacancies forming a D3d symmetry. The emission spectra of SiV shows
a very sharp zero phonon line around 739 nm [24] and a weak phonon sideband at room temperature.
Observations have shown that SiV centers are stable and can exist in nanodiamond with size ∼ 2 nm
and they can be used as a single photon source [25, 26].
The SiV center emits around 70-80% luminescence into the zero phonon line which is a huge ad-
vantage as compared to the NV center (∼ 5%) [27], however the reported 9% quantum efficiency of
SiV is lower than NV center [28]. These optical properties and spin resonance of SiV are suitable for
experiments in quantum communications and quantum optics. Germanium vacancy (Ge-V) centers
are similar to SiV as they also possess D3d symmetry. Sharp zero phonon line at 602 nm and low
sideband is observed in photoluminescence spectra at 300 K [29]. Ge-V centers can be created with
ion implantation and annealing similar to NV centers. The ZPL contains about 60% of the total emis-
sion spectra, due to its brightness and higher quantum yield than NV center, nano-waveguide system
based on GeV for interferometry are under developments [30]. The electronic structure of SiV and
GeV centers are still under discussion and efforts are being carried for the theoretical understandings.
In the next paragraph, I will only discuss the nitrogen-vacancy centers in diamond.
The nitrogen-vacancy (NV) center is composed of a substitutional nitrogen atom neighbouring with a
vacancy in the diamond crystal lattice [31]. The NV centers have been explored in negatively charged
state NV− and neutral charges states NV0. In this thesis my work is focused only on NV−, therefore
I will use NV center for NV− center. The NV center is the most widely studied defect center in
diamond. The electronic and optical properties of the NV center makes it an excellent candidate for
nanoscale thermal and magnetic field sensing at room temperature [13, 14]. There are mainly three
methods for the growth and synthesis of diamond crystals such as High-temperature high-pressure
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synthesis (HTHP), chemical vapour deposition (CVD) and Detonation. HTHP requires about 5-6 GPa
pressure and temperature in the range of 1200-1600 ◦C to form millimeter-sized diamonds which are
then crushed to form nanocrystals [32, 33]. HTHP method is cheap and is used for industrial and
research applications. CVD method requires a microwave plasma reactor for the growth of diamond
thin films and bulk diamond crystals.
CVD method can be used for producing polycrystalline and ultra-nanocrystalline diamond films as
well as nano-diamond crystals [33]. Detonation nanodiamonds (DNDs) are produced using explo-
sives and are now available in the size range of 4-6 nm [34]. Commercially available nanodiamonds
(average size 35 nm) are now available (Sigma-Aldrich) with concentrations of NV centers (∼ 4 per
particle). A recent experiment has shown extremely high concentrations of NV ensembles (104 ppm)
in 5 nm particles which were created from the detonation of HTHP diamond [35]. However, NV
centers in small nanodiamonds with 5 nm sizes have been reported to suffer from blinking [36]. The
vacancies in synthetic diamonds are created by high energy proton (0.1 - 0.5 MeV), electrons (6.5
Mev) and neutron (2.5 Mev) irradiation. The concentration of nitrogen used during the synthesis of
diamond also affects the formation of NV centers. The reported value for the nitrogen concentration is
< 1 ppm for the CVD method and < 200 ppm for the HPHT method [37]. In the CVD method lower
amount of nitrogen < 0.5 % is combined with the vacancies and the NV centers could be formed
along a specific orientation of the crystal planes [38].
2.3 Physical and electronic structure of NV center
Diamond crystal lattice has a tetrahedral structure which is composed of carbon atoms covalently
bonded to each other. Nitrogen is found as a dominant impurity occurring in diamond, therefore NV
centers can exist naturally or can be created artificially. The NV defect center shows c3v symmetry as
the nitrogen and vacancy forms a symmetry axis known as the NV axis along the 〈111〉 orientation
of crystal lattice. The bond angle between the adjacent carbon atoms and the NV axis is 109.5◦. This
angle is the same as in a pure diamond crystal. The structure of NV center is rotationally symmetric
about the NV axis by an angle of 2pi/3. The NV center absorption spectra span from 450 nm to
650 nm with a peak at 555 nm, due to which visible lasers (532 nm) can be used for excitation. The
emission band lies in 600 nm to 850 nm as shown in Fig. 2.2(a) with stable photoluminescence. The
lifetime of the NV excited state have been reported as 13 ns in natural type Ib millimeter sized dia-
mond crystals [39]. For imaging of the fluorescence of NV centers in diamond, a confocal microscope
can be used. The special property of NV center is the optical zero phonon line which arises at 637 nm
in the emission spectra and has a linewidth of a few THz at room temperature.
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Figure 2.1: (a) The physical structure and geometry of NV defect center shown in Cartesian coor-
diante system. Each Nitrogen atom is connected with three carbon atoms. The vacancy is shown in
the red circle (middle). The NV axis is along the z-axis. (b) The NV center shown inside a diamond
crystal. The NV center can exist in four possible orientations inside the diamond crystal.
The emission spectra consist of optical zero phonon line (ZPL) and vibronic phonon sidebands as
shown in Fig. 2.2(a). The electronic structure of the NV center contains spin triplet ground and
excited states ms = 0 and ms =±1 Fig. 2.2(b). The ground state has a zero field splitting of Dgs≈ 2.87
GHz at room temperature due to spin-spin interactions of the two unpaired electrons forming a spin-1
system [40]. The NV electronic spin states can be optically initialized, manipulated with microwave
frequencies and readout at room temperature. The excited state lies at 1.9 eV above the ground state
and can be populated by optical excitation with wavelength ≤ 637 nm. The application of resonant
microwave or radio frequency can shift the population of NV-centers from spin sublevel ms = 0 to
ms =±1. Using a 532 nm laser NV population in ms = 0 can be increased up to 90% also known as
optical spin polarization [41].
The NV center in excited state ms =±1 sublevels can decay into the ms = 0 ground state via the singlet
states known as inter-system crossing as shown in Fig. 2.2(b). The singlet state transition has been
reported at 1042 nm [42]. This enables us to detect a fluorescence change in the optically detected
magnetic resonance spectra (ODMR). The ODMR spectra of single NV contains the electron spin
resonance (ESR) frequencies as shown in Fig. 2.2(c) under zero magnetic field and Fig. 2.2(d) under
the small external magnetic field. The magnetic resonance of NV center is widely being utilized for
sensing thermal, electric, and magnetic fields but recently it has also been used for strain and pressure
measurements [13].
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The theoretical values of ESR frequencies can be obtained by solving the NV spin Hamiltonian. The
ground state spin Hamiltonian of NV center under external magnetic field is
Hˆ = hDgsSˆ2z +hE(Sˆ2x− Sˆ2y)+ γe~B · Sˆ
The parameters Dgs and E in the above equation are known as ground state zero-field-splitting and
strain-induced-splitting. The magnetic-field vector is given by ~B and Sˆx, Sˆy, Sˆz, Sˆ are the spin op-
erators. h and γe are the Plancks constant and NV electronic gyromagnetic-ratio (28 MHz/mT). If
the magnetic field is aligned with NV axis then the spin hamiltonian can be solved easily to find the
strength of external magnetic field as B = 4F/(2γe), where 4F is the splitting between the ESR
frequencies in the ODMR spectra. Unknown magnetic fields can be calculated using the ESR fre-
quencies FESR form ODMR spectra in the equation given as [43].
B =
1
γe
(∑F2EXP−∏FEXP−D2gs
3
−E2
)1/2
The NV centers in the diamond crystal can occur in four different directions [14]. In my experiments
on magnetic field sensing [2], I used an ensemble of NV centers in diamond nanocrystals using all
the possible four orientations. This provides us the benefits of vector magnetometry [14], such that
we can measure the strength as well as the orientation of unknown magnetic fields. An additional
advantage of using 4 different types of NV centers as compared to a single NV is higher accuracy in
the measured fields, by an order of magnitude under an external field of 1 mT [2]. To achieve a higher
signal to noise ratio, nanodiamonds carrying higher concentration of NV centers are a preferable
choice over a single NV center [13]. Ensembles of NV centers in nanodiamonds could also suffer
from the interaction between neighbouring NV centers or other paramagnetic impurities found in
diamond [44, 45]. Single NV centers in diamond crystals are a preferable choice for experiments in
which a single photon source is required; this includes quantum cryptography, quantum entanglement
and research related to quantum optics.
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Figure 2.2: (a) Photoluminescence spectra of NV center at room temperature shows a zero phonon
line (ZPL) and broad sidebands. The ZPL shown at 637 nm is due to the dominant transition between
ground and excited states, whereas phonon sides bands appear due to the thermally excited vibrational
states. (b) Simplified electronic structure of an NV center. Radiative transitions are shown in solid
lines, whereas nonradiative transitions are shown in dashed lines. The zero field ground and excited
state splitting is 2.8 GHz and 1.4 GHz. (c) Zero field ODMR spectra. (d) ODMR spectra under the
external magnetic field of 2 mT along the NV axis.
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2.4 Recent Applications of Nanosensing using NV centers
In this section, I will describe some of the recently reported applications of NV centers during the
past few years. This section will also provide the readers with the impact and scope of applications
of nanosensing using NV centers. Each paragraph will provide literature about the certain application
such as thermometry and magnetometry.
2.4.1 Nanoscale Thermometry
Kucsko et al. reported an experiment that utilizes nanodiamonds for thermometry inside a living
human embryonic fibroblast cell [46]. Gold nanoparticles were injected inside a cell along with nan-
odiamonds, then a 532 nm laser was used to produce local heating around gold nanoparticles. The
spin-dependent luminescence of nanodiamonds near a gold nanoparticle was used to detect the local
temperature. The monitoring of temperature dependence of Dgs leads them to detect a temperature
change of 0.5 ± 0.2 K inside the cell. Neumann et al. used the NV electronic spin resonance for
temperature sensing using nanodiamonds scattered on a glass substrate. The heating of the substrate
was achieved by Ohmic heating of gold rf-guide due to the flow of current [47]. They found temper-
ature noise floor of 5 mK/
√
Hz with bulk diamond and 130 mK/
√
Hz with nanodiamonds. Both of
the above-described methods utilize the ESR of NV centers for thermometry. Plakhotnik et al. [1]
described an all-optical approach for thermometry based on photoluminescence spectroscopy of NV
centers. Their technique is applicable to a broad range of temperature approaching nearly 340 K.
They achieved a temperature noise floor of 0.3 K/
√
Hz at room temperature. These few examples
have shown that NV thermometry provides us with a wide range of opportunities for nanoscale ther-
mometry towards lab research.
2.4.2 Nanoscale Magnetometry
During the last decade, many research groups have worked to provide methods and schemes for
highly sensitive NV magnetometry [14]. The purpose of such an extensive research was to enhance
the sensitivity of magnetic field detection and find possible applications towards nanotechnology and
biomedical sciences. Experimental demonstrations using single NV center in bulk diamond and en-
semble of NV centers inside nanocrystals have been provided. Scanning probe magnetometry has
been demonstrated for imaging magnetic structures on commercial hard disk [48]. A scanning probe
magnetometer consists of a single NV center inside a diamond crystal attached at the apex of atomic
force microscope. The continuous wave magnetometry based on ODMR spectra of NV center is
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utilized for detection of local magnetic-fields. The CW ODMR magnetometry has demonstrated a
noise floor of 10 µT/
√
Hz and a spatial resolution of < 100 nm [48]. To enhance the sensitivity of
NV magnetometry several pulsed schemes have been developed and tested such as Ramsey and spin
echo [14]. Maze et al. have experimentally demonstrated detection of 3 nT AC field using a bulk
diamond crystal and a noise floor of 500 nT/
√
Hz using a 30 nm nanodiamond [45]. Pham et al. have
demonstrated magnetic field imaging due to currents in copper micro-wire using NV centers inside
a thin film of diamond. They have reported 100 nT/
√
Hz sensitivity along with sub-micron spatial
resolution [49].
Tetienne et al. have used the scanning probe magnetometry for imaging and studying the behaviors
of magnetic domains inside magnetic materials [50, 51]. Sage et al. have reported a customized
microscope for optical imaging as well as biomagnetic imaging of Magnetotactic bacteria [52]. Using
CW ODMR technique the formation of chains of magnetic particles inside a living bacteria was
observed. The imaging microscope consists of a bulk diamond crystal implanted with NV centers
providing a field of view of 100 µm × 30 µm and a spatial resolution of 400 nm.
2.4.3 Nanoscale Nuclear Magnetic Resonance (NMR)
NMR spectroscopy is based on the detection of magnetic fields due to nuclear spins present inside
a solid or liquid sample. Conventional methods such as magnetic resonance force microscopy have
demonstrated NMR imaging of protonic spins but also requires cryogenic operating temperature. The
sensitivity of NV magnetometry has been improved to such an extent that scientists are now able
to use NV scanning probe microscopes for nanoscale NMR imaging at ambient temperatures. The
method requires an ultrapure diamond crystal with single NV center located very close to the surface
(5-10 nm) [53]. The sample which is carrying the nuclear spins is connected to the tip of an atomic
force microscope and is brought near diamond so that the field due to protons inside the sample is
coupled with the NV spin. At such a scale the amplitude of the field approaches few hundreds of
nanoteslas. A strong external magnetic field is applied along the NV axis and the NV spin Larmor
precession is optically readout using multiple spin echo pulse sequences. In this way, the effect of
the nuclear magnetic field on the NV spin precession rate is determined to evaluate the unknown
magnetic field. Scanning probe method has shown two dimensional NMR imaging of protons inside
a polymer sample with spatial resolution ∼ 12 nm. DeVience et al. have shown the detection and
imaging of ensembles of magnetic spins (∼ 100-1000) of various types (1H1,19F,31P) [54]. Haberle
et al. have reported an experiment for NMR imaging and probing molecular structures of chemical
species with 10 nm spatial resolution [55]. Sushkov et al. have experimentally reported the detection
12
of single proton spin with angstrom resolution using double electron-electron resonance (DEER)
sequence [56]. Lovchinsky et al. have demonstrated the detection of individual ubiquitin proteins
using the NMR spectroscopy of NV center. [57]. In future, these applications will help researchers to
study and analyze the structure and properties of molecules at atomic scales. Scientists working at the
interface of nanotechnology and biomedical sciences may utilize three-dimensional NMR imaging
based on the NV spin for biosensing and microscopy.
2.4.4 Electric field and Pressure sensing
The ability to detect charged particles from their electric field can widely be useful in fabrication,
modification, and improvement of semiconductor electronic nanodevices. The rapidly expanding
industry of nanodevices and nanoelectronics is now departing from conventional transistors towards
field effect transistors made from carbon nanotubes [58]. The analysis and testing of graphene-based
random access memories [59] and modelling of phase change amorphous materials due to induced
electric field [60] will require a sensor that could be used for sensing electric field on a micron and
nanoscale inside the semiconductor nanodevices [61]. Conventional scanning techniques would be
limited to the surface observation whereas NV centers in nanodiamonds embedded in these devices
can provide us with a sophisticated way of observing the internal fields under ambient conditions.
Iwasaki et al. have recently demonstrated a diamond PIN diode implanted with a single NV center
for the detection of 150 V in reverse biased operation [61]. Measurements using available techniques
(scanning probe microscopy) are limited to surface analysis and cannot be used for measuring internal
fields. The NV center was fabricated inside a diamond based semiconductor device and a direct
measurement of the internal electric-field was conducted at the nanoscale [61]. The splitting between
the ESR lines in the ODMR spectra led them to evaluate the axial and non-axial fields. In 2017 Chen et
al. have experimentally demonstrated the use of ensembles of NV centers in bulk diamond for electric
field sensing achieving a noise floor of 1 V/cm/
√
Hz [62]. The ODMR spectra of NV center shows
only one line without external magnetic-field, however electric field can induce hyperfine splitting
in the zero field ODMR due to the Stark effect. Dolde et al. observed the Stark shift in the ODMR
spectra of a single NV center in bulk diamond and reported a sensitivity of 202±6 V/cm/√Hz [63].
The electric field induced hyperfine splitting has been measured from the CW ODMR spectra and
compared with the theoretical values from the ground state spin Hamiltonian shown in [62]. The
combined scheme for electrometry and magnetometry could be helpful to explore interesting physics
in biological and material sciences.
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The NV ground state zero field splitting between the spin sublevels ms = 0 and ms = ±1 is due
to the spin-spin interaction of two nitrogen electrons. Ivady et al. have theoretically modelled the
electronic spin-spin dipole interactions and used the density function theory calculations to find the
pressure dependence of the zero field splitting Dgs [64]. The pressure dependence of Dgs is found
to be 9.52 MHz/GPa which mainly depends on the separation between the two interacting electrons.
Their study has predicted a linear dependence of Dgs on pressure up to 200 GPa, a similar study
conducted by Doherty et al. using experimental results reported the pressure dependence of Dgs as 15
MHz/GPa [65].
2.4.5 Quantum information processing
The NV center as a spin qubit is an innovative tool for spin-based quantum information processing
under ambient conditions [66]. The NV electronic spin manipulation using specific protocols could
lead researchers to develop quantum storage memories, photonic quantum networks and preparation
of entangled states [67–69]. Diamond having exceptional electronic, optical, thermal and mechanical
properties would be a very good choice as a solid state material carrying the defects as the building
blocks of a quantum computer [70]. For conducting experiments on quantum information processing,
single photon sources are required and NV centers are being tested for quantum cryptography [66,71,
72]. The performance and sensitivity of quantum computer depends on the electronic spin-coherence
times which are greatly affected by the surrounding environment. Efforts have been carried to resolve
this issue by single NV centers inside isotropically engineered ultrapure bulk diamond crystal which
led to spin-coherence times up to 1.8 ms at room temperature [73] and > 2 ms with ensembles of
NV centers [74]. Building a large-scale quantum system by scaling of the defects in the array is
still a challenging task [75,76]. Production of solid-state photonic devices by their coupling with NV
luminescence [77,78] is under progress; this could be useful to enhance the collection-efficiency of the
optical system and improved signal to noise ratio [79]. However, one of the challenging tasks would
be to minimize the presence of paramagnetic impurities which can restrict the sensing capabilities of
the NV center.
2.4.6 Superresolution microscopy
The magnetic field dependent luminescence of NV defect has now given an opportunity for superreso-
lution optical microscopy. Rittweger et al. have reported a stimulated emission depletion microscopy
technique to resolve individual defects separated by a distance < 50 nm in bulk diamond crystal [80].
The related point spread function was 5.8 nm. Chen et al. have reported wide field superresolution
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imaging using spin resonance of NV defects in nanodiamonds with a resolution of 55nm within 7×9
µ m2 field of view [81]. Jaskula et al. have achieved a lateral-resolution of 50 nm by magnetic imag-
ing of NV defects in bulk crystal [82]. These experiments utilize the benefit of having a nanoscale
spatial resolution with NV magnetometry. External magnetic fields are applied to get detectable field
gradients at a scale of few tens of nanometers, then the profile of imaging beam is also modified such
as doughnut-shaped [82]. Using the magnetic field dependent luminescence of two closely lying NV
defects a contrast can be achieved for imaging beyond the diffraction limit. However real-time imag-
ing or video microscopy at high frame rates would be a challenging task, since it takes some time for
the acquisition of enough NV luminescence to attain the required signal to noise ratio.
2.5 Future prospects, challenges and issues with commercial nan-
odiamonds
The NV center in diamond has provided an opportunity to initiate and demonstrate research for
nanoscale sensing. Much of the research reported in literature belongs to the demonstration inside
the lab, however there are still some issues needed to be resolved before the research could actually
join application on an industrial and commercial scale. Nanodiamonds are now commercially avail-
able in various sizes and NV concentrations. Small nanodiamonds ∼ 5 nm size are now available for
biolabelling applications but they have been reported to suffer from blinking [36]. These NV centers
located close to the surface of nanodiamonds provide us broader ODMR lines due to stress induced
by the broken crystalographic bonds, which can reduce the sensitivity of nanosensing. On the other
side bulk diamonds are a better choice to achieve low noise floor. Commercial nanodiamonds also
carry paramagnetic impurities such as 13C and 14N nuclei which causes additional lines in the ODMR
spectra. Therefore ultrapure bulk diamond crystals have been synthesized using chemical vapour
deposition in labs and applied for magnetometry [73]. However, the synthesis of these crystals is
very expensive. The quantum yield of NV centers in diamond is also a problem that needs further
investigation.
The brightness of nanodiamonds also varies significantly within a given sample due to the variation in
size of the particles. Smaller nanodiamonds would have a lower number of NV centers which is not a
good choice for sensing applications due to the lower signal to noise ratio. The synthesis conditions
of diamond can also affect the physical structure and surface chemistry of nanodiamonds due the
involvement of impurities such as oxides and carbides of silicon. These surface impurities could
also result in absorption of the excitation beam creating localized heating which is not favorable for
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thermometry experiments. Overall the combined effects of size variation, structural defects, chemical
impurities on the surface and the intrinsic paramagnetic impurities are the main reasons that a lot of
nanodiamonds could not be used for sensing application from a given sample. Smaller nanodiamonds
would have NV centers close to the surface and hence the effects of crystal strain could be prominently
seen in the ODMR [83], as a results broader ODMR lines could be possible reducing the sensitivity
of the technique. Small nanodiamonds would have lower brightness and a longer time is needed to
acquire the experimental data such as luminescence spectra or ODMR spectra which can be analyzed
and interpreted easily. These issues results in a very low number of nanodiamonds, that are suitable
for experimentation and hence a lot of nanodiamonds are not useful in a given sample.
Besides the issues described above, theoretical methods are still being devised and published with a
possibility to enhance coherence lifetime of NV centers. Longer coherence times are a requirement
in quantum information processing where NV center could sustain a spin state for time longer than
that requied for spin manipulation. Bar-Gill et al. have demonstrated a coherence time up to 1
second using dynamic pulse sequences within a temperature range of 77 K to 300 K [84]. This
is more than two orders of magnitude improvement over the previously reported results [73]. The
experimental scheme described in [84] was designed in order to suppress the decoherence effects
induced by phononic-spin-relaxations and nuclear spins around the NV centers.
In biomedical research, the surface chemistry of nanodiamonds is modified to attain biocompatibility
and photostability. These nanoparticles possessing enhanced optical properties are now commer-
cially available as functionalized nanodiamonds and are now being used for sensing and imaging in
intracellular media [85]. Chipaux et al. have described some of the research on the applications of
nanodiamonds inside the cell [86]. Experimentally the intake of photoluminescent nanodiamonds
(less than 50 nm) by Hela-cells along with low toxicity for 48 hours have been reported [87]. The
transport of proteins (Bovin serum albumin and green fluorescent protein) in human cells has been
accomplished [86, 88]. McGuinness et al. have shown the ODMR spectroscopy of NV centers inside
living human Hela cells leading towards imaging and orientation tracking of nanodiamonds. A lot of
research is motivated to study the intracellular chemical processes using the NV nanosensing. Many
research groups are now working on nanoscale NMR imaging using NV centers. Current limitations
of sensing have enabled the detection of single proteins [57]. However, the most promising goal
will be to develop a full-scale three dimensional NMR microscope which is capable of imaging and
structural analysis of single proteins and synthetic biomolecules.
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The collection of the NV luminescence is a key parameter for sensing applications. Conventional op-
tical microscopes (NA = 0.9) are capable of acquiring 35% of the emitted luminescence which results
in noisy spectra, and therefore a longer time for data acquisition is required in order to get a better
signal to noise-ratio. This problem can limit the applicability of NV sensing for industrial and com-
mercial purposes. To cope with the requirements, research is still going on to develop new modalities
such as integration of optical fibers with diamond crystal [89], enhancing the overall collection effi-
ciency of the detection system. In conclusion, the sensing and imaging applications of the NV centers
would lead to a lot of research and experimentations towards biomedical science, nanotechnology and
condensed matter physics.
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Chapter 3
NV photoexcitation
3.1 Introduction
This chapter provides a summary of the NV photoexcitation properties such as absorption cross-
section, NV concentration, lifetime and quantum yield. Most of this chapter relates the literature
review based on recently published experiments. The interaction of an incident optical field with
NV center inside ellipsoidal nanocrystal has been theoretically analyzed and discussed. Further on,
I have also described a method for determination of size distribution of nanodiamonds using the NV
luminesce intensity along with experimental result.
The results and analysis presented in this chapter have been published in the journal Diamond and
Related Materials [4]. These results will help researchers for the characterization of commercially
available fluorescent nanodiamonds for applications such as biolabeling.
3.2 NV concentration
The NV concentration in nanodiamonds is essential for the selection of nanodiamonds according to
the requirements of the experiment. The critical parameters involved in the formation of the NV
centers are the concentration of nitrogen during the synthesis of diamond crystal, the energy and dose
of the bombarded ions for creating vacancies in diamond. After this process annealing at temperature
800 ◦C for few hours helps the bonding between vacancy and the nitrogen impurities leading towards
the formation of NV centers in diamond. The effects of nitrogen concentration and ion dose on the
NV concentrations have been studied in many experiments [90–92]. The knowledge about the number
of NV centers lying inside a nanodiamond is not a simple task to accomplish, however Beer-Lambert
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law can be used to find NV centers in the bulk crystal as below.
I
I0
= e−σ lN (3.1)
Here, I0 and I are the incident and transmitted intensities which are wavelength dependent quantities.
σ is the NV absorption cross-section, l is the thickness of the medium and N is the density of the NV
centers. The Eq. 3.1 requires the value of σ , which can be searched out from literature [93].
Chen et al. [94] used photon-correlation spectroscopy (PCS) to find the number of NV centers in 35
nm FNDs. In PCS the number of individual emitters inside nanoparticles are determined using time-
correlated single-photon counting. Pulsed lasers are used with durations shorter than the lifetime of
the optical transition and a distribution of quantum yields is achieved. The quenching effects produce
variations in the quantum yields of the NV centers. The inhomogeneity in quantum yield is used to
calculate the number of NV centers. The PCS method is accurate when all the NVs have similar
emission probability which is not necessarily true due to quenching effects. Quenching effects will
produce variations in NV quantum yield and emission rates. To remove this error, distribution of NV
quantum yields was obtained using time-resolved spectroscopy. After taking into account the NV
quantum yield, the average number of NV centers in 35 nm FND was calculated to be 12.
Fu et al. have shown that 35 nm nanodiamonds could carry around 100 NV centers [95]. They
utilized type Ib diamond and a nitrogen concentration of 300 ppm under 3 MeV proton beam (1016
ions / cm2). Both of these experiments were conducted with samples that are similar to the samples
used in Chapter 4 and Chapter 6 of this thesis.
The experimental method for determination of the number of NV centers in FNDs and NV absorption
cross-section have been described in [96]. The NV luminescence intensity R under incident excitation
intensity I can be witten as
R = R∞(k)
I
I+ Is(σ ,k)
(3.2)
Here, R∞ is the detected luminescence from the NV when the excitation intensity is equal to saturation
intensity, k represents both radiative and non-radiative transition rates. Is is the saturation intensity.
The above equation requires the values of NV transition rates which are difficult to find especially
due for the non-radiative transitions. This problem can be solved by using pulsed excitation such that
the pulse durations are smaller than any relaxation process and are separated by a time longer than
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the lifetime of an excited state. In this way, no pulse will be incident when the NV is in excited state
and the luminescence can be written as
R = R∞(1− e−σE) (3.3)
Where E is the energy density of each pulse. In the above equation absorption cross-section, σ can
be calculated using the intensity distribution of incident pulse and the luminescence intensity of NV
center. An accurate measurement of the collection efficiency of the optical system can help us to
find the number of NV centers. The experiment described in [96] employed 35 nm nanodiamonds
prepared using high-pressure high-temperature method. The NV centers were created by irradiation
of diamond with 40 keV alpha particles followed by annealing at 1070 K. The reported number of
NV centers inside a single crystal is 40.
3.3 NV absorption cross-section and interaction with optical field
The absorption cross-section can be defined as
σ =
klu
Ip
(3.4)
Here, klu is the excitation-rate from ground state to excited state and Ip is the photon flux. The
excitation rate of an electric-dipole also depends on the angle between the incident field and the
orientation of dipole transition.
If we assume that the NV-center is inside a pure crystal without having any interaction with impurities
such as nearby NV centers, then in such a condition the field sensed by the NV center in bulk crystal
can be considered as equivalent to the field in a nanocrystal. For simplification, we consider that σ is
the absorption cross-section averaged using an assumption of a uniform-probability distribution of the
relative orientation of dipole-transition axis and the direction of incident field. In the current study,
the corresponding angles between the dipole axis and the incident field will be taken equal in bulk
crystal and the nanocrystals.
Wee et al. [97] have reported the absorption cross-section σb = (3.1±0.8)×10−17 cm2 of NV centers
experimentally determined using bulk diamond crystal. The NV centers in type Ib diamond crystals
were created with ion irradiation method followed by annealing. Another method for measuring σ
is given in [96] using the 532 nm pulsed scheme as discussed in the previous section. They used 35
nm FNDs and reported the value as σnc = (9.5±2.5)×10−17 cm2. This value is more than 3 times
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that of a bulk crystal. To explain this disagreement we should consider the effect of substrate and the
shape of nanocrystal on the field within the crystal.
Firstly we consider a case when NV-center is located inside a bulk crystal and a plane-wave is incident
from air perpendicular to the air-diamond interface. At the interface the incoming wave is partially
reflected, then the macroscopic electric-fields inside the crystal Ei and outside the crystal Eext can
be related with each other using the Eq. 3.5. The field inside the crystal will be reduced due to the
reflection at the interface as
Ei[b] =
2
n+1
Eext = ηbEext (3.5)
Where, n is the refractive index of diamond and ηb is the shielding factor. In such a case the trans-
mitted power is about 4n/(n+ 1)2 times incident power. The microscopic field which is interacting
with NV center inside the crystal is proportional to Ei[b] and the absorbed power will be proportional
to E2i[b].
Secondly, we consider NV center inside a nanocrystal. For simplification, we assume an ellipsoid
shaped diamond nanocrystal having uniform electric-field inside it. If we assume that the external
field is oriented along a specific axis of ellipsoid, then it will not affect the applicability of the theory
due to the validity of linear-superposition-principle for small fields inside the nanocrystals. In such
conditions, the internal field can be related to the external field as
Ei[el] =
1
(n2−1)δ[el]+1
Eext = η[el]Eext (3.6)
In the above equation δ[el] is the depolarization factor and it depends on the shape of crystal and ori-
entation of the incident field. The values of δ[el] are shown in [4] for various lengths of the ellipsoidal
axes. Results of numerical simulations show a difference less than 10% between cylindrical-disk and
ellipsoid (similar size) crystal as discribed in [4]. The absorption cross-section for a nancocrystal can
be related with bulk crystal as
σnc = σb
(
η[el]
ηb
)2
4n
(n+1)2
= σb η2[el] n (3.7)
The value of δel is 1/3 for a spherical particle, using this value in the above equation leads us to
σnc = 0.4σb. Numerically calculated values of η2[el]n are given in [4] for the electric-field along
various axes of the ellipsoid. Without a nanocrystal, the incoming wave would interfere with the
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reflection from the substrate surface which will result in a reduced field by a factor of ηb depending on
the substrate material. The numerical simulations of electric-field are conducted using (Lumerical’s
FDTD software) for dielectric-disk (refractive index = 2.4) located on a glass substrate as shown in
Fig. 3.1. The simulated results show that the electric-field inside the nanocrystal would be reduced
if the aspect ratio is very high such as a thin flake. However, when the aspect ratio is lower the
effect of substrate on the field inside nanocrystal would also be reduced. Therefore, to eliminate the
interference effects the absorption cross-section given in [96] should be multiplied with 0.66. The
absorption cross-section of 82 nanodiamonds were measured usign the short-pulse method described
in [96] and is shown as a histrogram in [4]. The average value of the absorption cross-section for a
nano-crystal after using the correction factor (0.66) is σnc = 5.1 × 10−17 cm2.
Figure 3.1: (a) Simulated electric-field inside and around a diamond dielectric-disk. The curves are
shown when the disk is sitting on the glass substrate (solid-lines) and without the substrate (dashed-
lines). The disk has a thickness of 20 nm for all the curves, whereas the diameters were 80 nm and
40nm. The dotted curve is shown when a = b = 40 nm and c = 20 nm , here (a, b, c) are the axes of
ellipsoids and c is perpendiculer to the substrate [4].
3.4 NV quantum yield and lifetime of excited state
The NV luminescence quantum yield has been previously reported as near unity [98] however, these
results seem to be true only if the transition between excited-state to the ground state is entirely
radiative. A recent study has experimentally reported the quantum efficiency of single NV center to
be 0.5 under various laser excitation powers [99]. They used 50 nm diamond nanocrystals prepared
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with HPHT method which were dispersed on a silica substrate. The NV centers were created using
ion irradiation and were optically excited using 515 nm CW laser. Another experiment has reported
the quantum efficiency of NV centers located 4.5 nm to 8 nm inside a CVD grown bulk diamond
crystal [100]. They used the fluorescence lifetime imaging and calculated the quantum efficiency
between 0.7 to 0.8. The NV quantum yield can be related to the saturation intensity Is and absorption
cross-section σ as given in [4]
λ
hc
IsΦdet
R(det)
=
1
σΦNV
×
(
1+α
kT S
k
)
≈ 1
σΦNV
(3.8)
Here ΦNV = kr/k is the NV luminescence quantum-yield, Φdet is the photon detection efficiency,
R(det) is the maximum detected count-rate. TheΦdet is equal to the product of detection efficiencies of
photodetectorΦpd and collection opticsΦop. For a microscope (NA=0.9) the values ofΦop for a bulk-
diamond is 0.023 and for a nanocrystal resting on a glass substrate is 0.14. The factor KT S/k≈ 0.5 for
bulk crystal and approximately 1 for nano-crystals, if α varies from 0 to 0.7 the term inside brackets
varies around 1 and 1.3. Based on the above equation the NV quantum-yield for a bulk crystal can be
estimated around 0.5.
The luminescence life-times of NV centers in nanocrystals deposited on glass are reported as 10 ns
and 30 ns [101,102]. The observed variation is attributed to a significant change in the refractive-index
of the surrounding material (such as the substrate) when the size changes from bulk to a nanocrystal
and the presence of surface-quenchers (graphite) on nanodiamonds. The decay-rate also depends on
the orientation of the dipoles (NV-center) with respect to the substrate.
Storteboom et al. have reported experimental lifetimes of NV excited state [103]. They conducted
lifetime measurements of single NV centers in 60 nm nanodiamonds (HPHT) on a glass substrate
under various excitation wavelengths 510 nm to 570 nm. The measurements conducted on 25 nan-
odiamonds showed the lifetimes as 21.37 ± 6 ns (510nm) and 22.75 ± 6 ns (570nm). The decrease
in lifetime with longer excitation wavelengths could be expected to be due to coupling with non-
radiative transitions. The reported NV lifetimes in bulk crystals is 12 ns under 532 nm excitation.
The observed longer NV life-times in nanocrystals could be due to suppression of photoluminescence
emission rate with smaller crystal sizes. The lifetime could also be influenced by neighbouring impu-
rities and crystal surface effects by inducing non-radiative decay. Using the arguments and discussion
given in previous section and Eq. 3.6 we can relate the radiative-transition lifetime τr[s] for an NV
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center located inside bulk and the spherical nanoparticle as
τr[s] =
n
η2
[s]
τr[b] =
(
2+n2
3
)2
nτr[b] = 16 τr[b] (3.9)
Where, n is the refractive index of diamond and η[s] is the shielding factor for spherical-nanoparticle.
3.5 Nanodiamond size distribution measurement
This section describes a method which can be used to find the size distribution of commercially
available nanodiamonds using their luminescence intensity [4]. The specific brightness of 70 nm
commercially available fluorescent nanodiamonds (Sigma-Aldrich) was investigated. Nanodiamonds
dissolved in deionized water (mass concentration 1mg/mL) carry more than 300 NV centers per par-
ticle. The colloidal solution was diluted (2000 times) and then a small droplet (0.1 µL) was deposited
on a precleaned silica slide. The formation of a coffee ring deposition pattern during the evapo-
ration [104, 105] was reduced by putting several other water droplets around the droplet carrying
nanodiamonds. After drying of droplet a nearly uniform deposition of nanodiamonds on glass was
observed by excitation with continuous-wave 532 nm laser (50 mW). The luminescence imaging of
nanodiamonds was carried using 0.9 numerical aperture microscopic objective and electron multiply-
ing CCD (Andor). The photon count rate Kdetr of 9 nanocrystals were detected for different values of
excitation power P. Under continuous wave excitation of NV center, the detected photon counts rate
can be expressed as a function of excitation laser power as
kdetr = R
(det) P
P+Ps
(3.10)
Where, Ps is the saturation power and R(det) is the maximum detected photon-count-rate. The average
value of Ps was estimated 0.9(3) W for the nanocrystal found within the field-of-view.
The nanodiamonds used in this experiment were dispersed on the substrate. These nanodiamonds
were located at different positions within the field of view of 30 um x 40 um. The laser beam profile on
the substrate in x-y plane was Gaussian having a width of few micrometers. This was experimentally
determined by scanning a nanodiamond along the horizontal and vertical axis so that the intensity at
each position was recorded. The NV centers inside those nanodiamonds which are near the maximum
intensity of laser would saturate at lower laser power and for those nanodiamonds lying far away from
the laser intensity maxima, the NV centers would saturate at higher incident powers. This is the reason
for the observed variation in saturation power Ps.
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Figure 3.2: (a) Distribution of saturated photon count rates detected from the nanocrystals. (b) The
size distributions of the diamond nanocrystals within the droplet. Data based on luminescence from
nanocrystals is shown in red whereas data taken from dynamic-light scattering (DLS) method is
shown in black [4].
The maximum detectable photon-count-rate R(det) can be calculated using the value of Ps and counts
rate measured at 50 mW. The effect of laser beam inhomogeneity was also taken into account by using
the luminesce from the substrate. The luminescence background from the substrate is proportional
to the incident laser irradiance. The observed saturated photon counts rate has a broad variation as
shown in Fig. 3.2(a).
The volume of the diamond distributed in the water droplet can be calculated using the mass-concentration
CD of diamond, density of diamond ρ and the volume of the droplet Vdrop as
CDVdrop
ρ
=
N
∑
j=1
R(det)j
β j
(3.11)
Where, ρ is the density of diamond and β j is the maximum detected photons from j-th nanocrystal
divided by its volume. Assuming β j = β is same for all nanocrystals, we can find β from Eq. 3.11 and
then use it to calculate the diameter of each crystal from the volume (Vj = d3jpi/6) and corresponding
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maximum-count-rates R(det)j as
d j =
(
6CDVdropR
(det)
j
piρ∑Nj=1 R
(det)
j
)1/3
(3.12)
The size distribution of nanodiamonds based on the method described above is shown in Fig. 3.2(b).
The size distribution from dynamic light scattering (DLS) is also shown. The most probable size of
the particles using the two methods are luminescence measurements (100 nm) and DLS (70 nm). The
reason for such disagreement between the two size distributions shown in Fig. 3.2(b) is that some
nanocrystals have lower NV luminescence as compared to the bright nanodiamonds. This is due to
the fact that small nanodiamonds contain lower concentration of NV centers resulting in undetectable
luminescence emission. The lower luminescence could also be a result of surface effects including
quenching and charge modification. Taking the average diameter of nanocrystals as 100 nm carrying
300 NV centers (as quoted by the supplier) then the emission-rate is 2.5 MHz per NV center. The
broad range of saturated count rates is due to the non-uniform volumes of crystals present in the
analyzed sample.
3.6 Conclusions
Commercially available nanodiamonds can be characterized on the basis of their brightness. The
variation in nanodiamonds brightness could be a result of the widespread size distribution. The ab-
sorption cross-section of NV centers is smaller in nanocrystals than the bulk crystal and it depends
significantly on the shape of the crystals. The NV quantum-yield is also smaller in nanocrystals as
compared to the bulk crystals, whereas if the nanocrystals are located inside water the quantum-yield
will be much smaller. The NV quantum-yield could also be affected by the orientation of the dipole-
transition and the shape of nanocrystals. Theoretical predictions suggest that nanocrystals having a
shape of a thin-flake could enhance the quantum-yield.
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Chapter 4
Accuracy in ODMR based NV magnetometry
4.1 Introduction
In this chapter, I have described experimental analysis, results and discussion about the accuracy
of ODMR based NV magnetometry using nanodiamonds. The experiment utilized continuous-wave
ODMR measurements of four different orientations of NV centers inside single nanodiamonds. I
analyzed a group of nanodiamonds under ten and twenty milli-tesla external fields and found that the
accuracy of the field measurements is about 20 µT. I have also discussed the possible reasons for this
accuracy such as the coupling between neighbouring NV centers and also the interactions between
NV centers and naturally abundant paramagnetic impurities (13C, 14N) in diamond .
The detailed experimental analysis and results are published in the Journal of Optical Society of
America-B [2]. The experimental results provided in this chapter will help many research groups
working towards nano-biotechnology, medical imaging and ultrasensitive bio-sensing.
In this chapter, I have used the following symbols and abbreviations.
ESR = Electronic spin resonance.
ODMR = Optically detected magnetic resonance.
PL = Photoluminescence.
Dgs = Ground state zero field splitting.
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4.2 Background
Magmetometry at micro or nanoscales provides vast opportunities of research exploration in nan-
otechnology and biomedical engineering [106, 107]. These applications demand high sensitivity and
spatial-resolution under ambient-conditions. Magnetometry with conventional systems like alkali-
vapor-magnetometers and magnetic-force (MF) microscopes are available in the market [108–110].
Superconducting quantum-interference devices (SQUIDS) and magnetic-resonance force (MRF) mi-
croscopes can be used for detection of electronic-spins [111, 112] but they operate under cryogenic
conditions. When the sample-probe distance is few nanometers the field due to magnetic material on
a commercial hard-disk drive could range between few microteslas and tens of milli-tesla [14, 113].
The analysis of such nanostructures requires a wide range of sensitivity to sense small fields below 1
mT and strong fields >10 mT. A similar application could be detecting magnetic nanoparticles (iron-
oxide, iron-carbonate) anchored with biological species for drug-delivery, magnetic-hyperthermia
treatment, and biomolecular-imaging [114, 115]. NV-centers in bulk and nanocrystal are known as
solid-state nanoscale magnetic-field sensors [14, 113]. ODMR spectrum of NV-center can assist in
the detection of unknown magnetic-field in any arbitrary orientation.
NV centers inside diamond nanocrystals can be brought very close to the target, because of the avail-
able sizes less than 10 nm, where the field magnitude could be in tens of milli-tesla. Hence NV center
is currently regarded as the ideal choice for magnetometry due to the high sensitivity (in nanotes-
las) and spatial-resolution in nanometers [113]. NV magnetometry using pulsed RF schemes such as
Rabi-nutations, Ramsey-interferometry and spin echo are reported in many experiments [43,73,116].
These techniques offer higher sensitivity in the range of nanotesla but they instigate complications in
the experimental setup. The excitation laser pulse, photo-detector and the radio frequency (RF) signal
require a synchronized operation. For a sample with impurities producing broad ODMR lines, the eas-
iest way is to find the ESR-frequencies from the ODMR-spectra by optical excitation of NV-centers
using 532 nm CW-laser and scanning the RF source.
Previously several research groups have shown magnetic sensing using single and ensemble of NV
centers [48, 117–119]. The experimentally demonstrated noise-floor with single NV is 500 ± 100
nT/
√
Hz [45]. Jensen et al. have utilized a cavity enhanced magnetometry scheme to obtain a noise-
floor of 2.5 nT/
√
Hz [120]. Wolf et al. utilized ensemble of NV centers for AC field detection.
They described a shot noise limited magnetic field sensitivity of 0.9 pT/
√
Hz [121]. The noise-floor
generally expresses the precision instead of the accuracy in measurement. Steinert et al. claimed
nanotesla sensitivity based on ODMR-measurements, however, when the simulated magnetic-fields
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are compared with experimental a difference more than 20% can be seen [117] which suggest that
the higher sensitivity field measurements could lack accuracy. Therefore I carried this experiment to
experimentally figure out the accuracy in NV magnetometry using nanodiamonds.
4.3 Theoretical Model of NV ESR
The ground and excited states of NV center are spin triplets ms = 0 and ms = ±1 due to coupling
between two (unpaired) nitrogen electrons. The NV spin states (ms = 0 and ms =±1) can be optically
excited and read-out under ambient conditions. The ground-state zero field splitting between ms =
0 and ms = ±1 states has a value of Dgs = 2.87 GHz. The selection-rule for optical transitions
between the spin-sublevels of these transitions is ∆ms = 0. Once excited the NV can relax to the
ground-state through radiative or non-radiative paths. The radiative-transitions results in a broad
PL spectra exhibiting a zero-phonon-line at 637 nm, which is capable of optical thermometry [1,
122]. The nonradiative-transition could result in intersystem-crossing (ISC) when the NV decays
back to the ground state through singlet states situated near the excited-triplet-state. NV center can
be spin polarized after few cycles of excitations and de-excitations, increasing the population of spin-
sublevel ms = 0 giving a higher luminescence quantum-yield. If a resonant RF signal is applied the
NV population in ms = 0 can be transfered to ms = ±1 spin-sublevels. As a results the NV can
decay through non-radiative channel (ISC) resulting in a reduction of luminescence yield. The ESR
frequencies can be determined from the spectra of NV luminescence as a function of RF signal.
Magnetometry is realized by applying unknown field, which results in splitting between the ms =±1
spin-sublevels. From the ODMR spectra the ESR frequencies for transitions between ms = 0 and
ms =±1 can be deduced which eventually leads towards the measurement of magnitude and direction
of external magnetic fields. The ground-state spin Hamiltonian of NV center is
Hˆ = hDgsSˆ2z +hE(Sˆ2x− Sˆ2y)+ γe~B · Sˆ (4.1)
Where, Dgs and E are the ground state zero-field splitting and strain-induced-splitting, Sˆx, Sˆy, Sˆz are
spin-1 operators and B is the magnitude of the magnetic-field. h and γe are the Plancks constant and
NV electronic gyromagnetic-ratio. The external field vector is defined in Spherical-coordinates such
that B is the magnitude and (θ , φ ) is the orientation in polar and azimuthal angles. The angle θ in Eq.
4.1 is the angle between NV axis (along the z-axis) and the vector field. NV-centers naturally exist in
four different orientations in diamond crystals. Using appropriate values of the unknown parameters
shown in Eq. 4.1, the spin-Hamiltonian can be solved numerically to get the eigenvalues. An approx-
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imate solution of the spin Hamiltonian has been shown using first-order perturbation theory [48,118].
This approximation is valid when the field is aligned with NV-axis. Rondin et al. have shown the
approximate method for sensing fields (few millitesla) in [14]. But the use of approximate solutions
will include systematic-error if the field is not aligned with NV-axis. This error will increase with
increasing the magnitude of the unknown field. For example if θ = 30◦, the error due to approxi-
mate solution will be 2.2% for 10 mT and 4.6% for 20 mT field. Balasubramanian et al. have given
the exact solution for the NV spin hamiltonian [43], yielding a simple equation that utilize the ESR
frequencies and the values of Dgs and E to calculate the field as below
B =
1
γe
(∑F2EXP−∏FEXP−D2gs
3
−E2
)1/2
(4.2)
Where, FEXP are the electronic spin resonance frequencies of the NV center in the ODMR spectra.
The above equation requires the ODMR spectra of single NV center under two situations. The zero
field ODMR can be used to get the values of Dgs and E. The second ODMR has to be taken when
an unknown external magnetic-field is present so that the experimental ESR frequencies FEXP could
be determined. Numerical simulations in [2] have shown that the precision in the NV magnetome-
try defined by shot-noise in the ODMR can be improved by an order of magnitude when using the
four different orientations of NV center. Therefore ensemble of NV centers should lead us towards
accurate magnetometry.
4.4 Experimental setup
The optical-setup used in this experiment is shown below in Fig. 4.1. A silica-slide having gold
printed loop (width = 200 µm, thickness = 0.5 µm) on it to conduct the RF-signal is spin-coated with
nanodiamonds. The sample which is a silica-slide carrying nanodiamonds is placed under optical-
microscope (λ = 532 nm, power = 60 mW) for imaging. A permanent magnet having a shape of
cylindrical-bar (length = 6 mm, diameter = 3.9 mm) was used to apply a static field of 10 mT and
20 mT on the sample. The distance between the magnet and the sample was 8.6 mm (10 mT) and
6.2 mm (20 mT). The magnetic-field variations at these distances is less than 1 µT estimated with
numerical simulations. The nanodiamonds (average-size 35 nm) were prepared with HPHT method,
the detailed preparation is given in [123].
I observed twenty-three nanodiamonds in the field of view (30µm × 40µm), all of them were lying
on the gold. I used the RF source power of -21 dBm and recorded the ODMR spectra of the nanodia-
monds under 0 mT, 10 mT and 20 mT fields. The ODMR spectrum contains the counts as a function
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of RF-frequency which shows the ESR-frequencies of various NV-centers. The spectra were taken so
that the background counts (with RF off) was removed from the actual signal (with RF on).
Figure 4.1: Optical-setup used in the experiment for collection of ODMR-spectra. The sample (35
nm nanodiamonds on gold-band) is placed under microscope (0.9 NA) for imaging. Dichroic-beam-
splitter (DBS) permits (λ > 532 nm) towards camera. EMCCD acquires PL images when RF is on
and when RF is off for the background. Bar-magnet applies the fields (10 mT and 20 mT).
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4.5 Analysis of data and field estimation
The ODMR spectra of each nanodiamond were analyzed using a multi-Lorentzian fitting function
to determine the experimental ESR-frequencies. Some of the spectra were very noisy and showing
several extra lines due to paramagnetic coupling, hence I did not use them in my analysis. The fitting
allows me to get the amplitude, line-width and frequency of each line in the spectra. The ODMR
collected at 0 mT field was analyzed to get the values of Dgs and strain-induced-splitting E. The
mean values are Dgs = 2.8653(13) GHz and E = 7.97(9) MHz. The standard deviation of the set of
Dgs values for analyzed nanodiamonds is 1.6 MHz. Once the value of Dgs and E are known I then
analyzed the ODMR at 10 mT and 20 mT to get ESR-frequency as a set of experimental frequencies
FEXP. The ODMR spectra of a nanodiamond used for field-measurements is shown in Fig. 4.2 as
Figure 4.2: (a) Optical image of nanodiamonds (in yellow circles) used for field-measurements.
The difference between the average-measured-field and field deduced from individual nanocrystal
is shown in microtesla (yellow text). ODMR-spectra of a nanodiamond at (b) 10 mT (c) 20 mT. Each
spectra shows eight lines corresponding to 4 different orientations of NV-centers in diamond.
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To find the unknown field, the error-function is defined as
χ2 =∑(FEXP−FT H)2/σ2 (4.3)
In order to calculate the most probable value of magnetic-field, the set of theoretical frequencies FT H
are computed by using the solution of Eq. 4.1 by varying (B,θ ,φ ) such that the error function is
minimized. This is done by numerical simulations carried using Matlab. The ESR line-width was
about 19(7) MHz and 18(8) MHz for zero field and field data. The value of magnetic-field can be
calculated by using one pair of lines which correspond to single NV or using all the NV lines in Eq.
4.3, however they should provide us the same results. In the data analysis, I observed this is not the
case and different NV lines showing different fields (variation of 100 µT). This also resulted in large
values of χ2 (around 100), in contrast χ2 = 1 is statistically more significant. Therefore the analysis
was carried out in two ways. Firstly with Dgs as fixed and the secondly with Dgs as a free variable.
However, the estimated magnetic field using the Eq. 4.3 in both the cases varies only few µT. But the
value of error function χ2 was reduced to nearly 1, when I used Dgs as a variable. Since the magnetic
field was estimated by numerically minimizing the error function (Eq. 4.3), thats why the value of
χ2=1 is statistically more significant. Hence using Dgs as a free variable did not effect my analysis
significantly (only few µT).
The average fields using the observed group of nanodiamonds are 10.079 mT and 20.355 mT with
the standard deviations of 26 µT and 32 µT for 10 mT and 20 mT external field respectively, this
includes the random (2 - 10 µT) and systematic errors. Now I calculated the probability of systematic
error using the analyzed data of fields from the various diamond crystals (B1,B1, ...,Bm) which has
been added with normally-distributed random errors (σ1,σ1, ...,σm). I also included systematic-error
as ∆ having a mean value of zeros and standard deviation of δ in the set of measurements. Then I
defined the probability-distribution function of finding the unknown values of (Bm) as
P(Bm|σm,δ ,B) ∝
∫ ∞
−∞
1
σmδm
exp
(
− (Bm−B−∆)
2
2σ2m
)
× exp
(
− ∆
2
2δ 2m
)
d∆
∝
1√
σ2m+δ 2m
exp
(
− (B−bm)
2
2(σ2m+δ 2m)
)
I then obtained the joint probability of δ and B by applying the Bayes theorem using the sets (Bm)
and (σm) leading to
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P(δ ,B|{σm},{Bm}) ∝ P({Bm}|{σm},δ ,B)P(δ ,B)
where P(δ ,B) is the prior-probability conditional on the background information. I assumed that the
prior-probability is uniform and eliminated B from the above equation by marginalization. The final
result reads as
P(δ |{σm},{Bm}) ∝
(
∑m 1σ2m+δ 2m
)−1/2
∏m(σ2m+δ 2m)1/2
×exp
((
∑m Bmσ2m+δ 2
)2
2∑m 1σ2m+δ 2
−∑
m
B2m
2(σ2m+δ 2)
)
(4.4)
I then used the experimentally measured datasets of fields (Bm) and the corresponding uncertainties
(σm) in the above equation to get the PDF of the systematic-error. A plot of the PDF of systematic-
error is shown in the Fig. 4.3. It can be seen that the most probable values are 18 µT and 21 µT for
the external fields of 10 mT and 20 mT respectively. These numbers correspond to the accuracy in
our field measurements using the CW-ODMR method.
Figure 4.3: The probability-density of systematic-error in measurements of 10 mT (o) and 20 mT (•)
fields using Eq. 4.4. The most probable values are 18 µT and 21 µT. The PDF of systematic-error
due to inhomogenity of external field has maximum-probability of 4 µT (×).
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4.6 Non-uniformity of magnetic-field, effects of temperature, crys-
tal imperfections and g-Factor
The purpose of this section is to justify that the effects of non-uniformity of the external field and
other parameters such as temperature, diamond crystal structural imperfection and NV-electronic g-
factor are negligible. Therefore the systematic-error in NV-magnetometry is an inherent property of
NV centers existing in nanodiamonds.
To find the effects of inhomogeneity of external field on nanodiamonds, I performed the field measure-
ment at two different positions of the sample. So that the sample-magnet distance is constant and the
substrate was translated across the laser beam. This was done in a way that a group of nanodiamonds
labeled with the negative field (Fig. 4.2 right side) will be at a position of another group showing
the positive fields (Fig. 4.2 center). The field measurement is again carried under approximately 20
mT settings which provided us the average measured-field of 20.359 mT. The difference between the
measured-field at two different positions is calculated for each nanocrystal and then the probability of
systematic error is evaluated and shown in Fig. 4.3. The plot shows that effect of non-uniformity of
magnetic-field of the bar magnet on our measurements is about 4 µT.
The variations in Dgs due to laser-induced heating of NV can also introduce errors in field measure-
ments. To calculate the effects of laser heating I carried out zero-field ODMR acquisitions at various
laser powers: 30 mW, 60 mW and 120 mW. I then used the temperature dependence (-74 kHz/K)
of Dgs [124] to estimate the temperature of each nanodiamond. I found that the temperature of nan-
odiamond is about 30 K higher than room temperature under 60 mW laser excitation. The average
temperature differences at two different positions of the sample (as described in the previous para-
graph) is about 0.3 K. The temperature change of 0.3 K will affect the Dgs value by 22 kHz. This will
include a systematic error of 0.5 µT in our field measurements.
Crystallographic structural defects in nanodiamonds can also be a source of error for ESR measure-
ments because of the deformation of angles. I used nanodiamonds which were prepared from micron-
sized diamond powder. The systematic error in my experiment requires deformation of about 2◦,
which is very large, and the error will then be proportional to the field. In contrast, I did not observe
this behaviour, therefore I can safely conclude that the nanodiamonds used in my experiment have no
structural defects. The NV-gyromagnetic ratio is dependent on the g-factor, the g-factor has reported
values of 2.0029(2) for parallel and 2.0031(2) for perpendicular-directions [125]. If g-factor varied
according to these reported values, then the measured field will vary by about 2 µT.
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4.7 Effects of Paramagnetic impurities in diamond
The analysis and field estimation in section 4.5 has let me conclude that the systematic error in the
field measurement using nanodiamonds is around 20 µT. In this section, I will consider the effects
of dipole-dipole coupling between NV-centers and the paramagnetic-impurities in diamond such as
13C and 14N. The analysis of coupling effects may provide us with the reason for the systematic
errors in our field-measurements. Firstly I consider coupling between two NV-centers as NV1 and
NV2 associated with spins Sˆ(1) and Sˆ(2) respectively. For calculations of ESR-frequencies, the dipole-
dipole interaction has to be added as a separate term in the spin Hamiltonian (Eq. 4.1) as described
in [69, 126]. The dipole-dipole interaction term is
Hˆdd =
µ0γ2e
4pir3
[Sˆ(1) · Sˆ(2)−3(Sˆ(1) · rˆ)(Sˆ(2) · rˆ)] (4.5)
Where µ0 is the magnetic-permeability and r is the distance between two spins, moreover the spin-
operators are defined in a coordinate-system so that the NV-axis is along the z-axis. For simplicity, we
assumed that both the NV centers are oriented along the direction of external-field. Then I evaluated
the spin-hamiltonian of two NV1-NV2 coupled system to get transition frequencies between the states
|0,0〉 and the other four states |0,1〉, |0,−1〉, |1,0〉, |− 1,0〉. These numbers show values of the ms
for each NV-center, here unperturbed states notations are used. Then I find the mean frequencies
weighted over the transition-probabilities of the doublets shown as |0,0〉→ |0,1〉 or |1,0〉 and |0,0〉→
|0,−1〉 or | − 1,0〉 which are calculated for 4 different orientations of NV centers in diamond. The
calculated transition-frequencies are then used to find the magnetic-field as described in the previous
section. The separation between neighbouring NV centers is 4.4 nm, calculated using the given NV-
concentration in nanodiamonds (10 ppm). At such a distance the coupling strength turns out to be 0.6
MHz, which can create a systematic error of about 10 µT for 10 mT and 12 µT for 20 mT external
field. If the distribution of NV centers in diamond is not uniform then the separation between the
NV centers could be even smaller and consequently the coupling will be stronger and hence could
increase the coupling effects.
In this paragraph, I will consider the coupling between NV center and 13C or 14N on the field-
measurement. 13C has a natural abundance of 1.1% in diamond, if 13C is uniformly distributed in
the diamond then the strength of dipole-dipole coupling will be 0.1 MHz which introduces an effect
of 2 µT and 3 µT. The coupling of NV with 14N has stronger effects about 2.5 MHz. This kind of
coupling will create a systematic error in field-measurement due to nuclear-spin polarization under
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strong external fields (≈ 50 mT) which will induce notable effects on the amplitudes of hyperfine
triplets in the ODMR-spectra [127].
4.8 Conclusions
This chapter reports experimental investigation of the accuracy in NV-magnetometry using the CW
ODMR technique using nanodiamonds. I found that the systematic-error in magnetic-field sensing is
about 20 µT for external fields of 10 mT and 20 mT. This number is an order of magnitude larger than
precision in field measurements which are limited by the shot-noise. The dominant reason for this
accuracy is the dipole-dipole coupling between NV center and the neighbouring spins. It has been
observed that the magnetic-dipolar coupling between NV centers and other paramagnetic-impurities
can influence the accuracy of NV magnetic-field sensing. The systematic error is also proportional to
external-fields which are less than 5 mT. The purity of the diamond during the synthesis of the crystal
should be improved for accurate magnetic field sensing.
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Chapter 5
Sensing superparamagnetic nanocrystals
5.1 Introduction
In this chapter, I have experimentally shown the application of NV magnetometry using diamond
nanoparticles for the detection of single domain nanocrystals. We used the experimental setup for
ODMR measurements as described in the previous chapter to observe the magnetism of 12 nm Fe3O4
nanomagnets which were chemically bound with nanodiamonds. We increased the strength of the
external magnetic field and observed the saturation magnetization of nanocrystals. After the analysis
of saturation effects, we were able to detect the presence of single domain nanocrystals which are
connected with nanodiamonds.
This experiment has been published in the Journal of Physical Chemistry C [3]. The results pro-
vided here could motivate researchers to use nanodiamonds for magnetic hyperthermia. During mag-
netic hyperthermia localized heating is produced using magnetic nanoparticles to destroy cancer cells.
Nanodiamond-nanomagnet hybrid particles could be used for this purpose because NV centers in nan-
odiamonds can be used for precise monitoring of localized temperature and magnetic fields. However
the surface chemistry of nanodiamonds has to be modified according to the biological cells.
In this chapter, I have used the following abbreviations.
Fe3O4 = Iron Oxide.
C/Fe3O4 = Nanodiamond-nanomagnet composite particles.
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5.2 Background
Superparamagnetic nanoparticles are nanocrystals which can flip their magnetization under ambient
conditions, therefore they only show magnetization behaviour when the external magnetic field is
present. Hence, we can switch them from non-magnetic to magnetic by controlling the strength of
the external magnetic field. These nanoparticles are formed of single domains where all the unpaired
electronic spins are aligned with each other. Without external field, the magnetization of the single
domains are oriented such that they cancel each other and the overall material appears as demag-
netized. Superparamagnetic nanoparticles are capable of showing ferromagnetic nature under the
external magnetic field. The important property of these particles is the transition from Superparam-
agnetism to ferromagnetism which depends on their size, magnetic anisotropy and the temperature.
These particles are now being used in biomedical applications such as magnetic resonance imaging,
magnetic hyperthermia and magnetic biosensor [128].
In order to precisely control the role of magnetic nanoparticles in applications of nanotechnology,
we need a nanosensor that can detect the magnetic fields in the range of few µT up to tens of µT.
Fortunately, NV centers in nanodiamond provide us the solution, so that nanodiamond can be as small
as 10 nm and the NV center is an excellent sensor of magnetic fields as discussed in [14].
The noise floor of NV magnetometry depends on the sensing method utilized and the purity of the
diamond crystal. Theoretically a noise floor approaching fT/
√
Hz have been predicted [129]. The
magneto-optical imaging using NV centers have been applied towards optical detection of 19 nm
magnetic nanoparticles [130], magnetic bacteria (Magnetospirillum magneticum) [52], observation
of magnetic nanostructures with sub-micron spatial resolution [114, 131].
In this experiment, I will describe the synthesis of hybrid nanoparticles which are composed of nan-
odiamond (40 nm) and Fe3O4 nanomagnets (12 nm). We have demonstrated that NV centers in nan-
odiamonds can be used for sensing and detection of single domain nanomagnets. The experimental
setup for magnetic field sensing is similar to the setup described in the previous chapter. The analysis
of preliminary results shows the existence of single domain nanomagnets attached with the nanodia-
monds which are confirmed using the saturation magnetization of a single domain nanomagnet. The
NV centers in each nanodiamond can also be used for temperature sensing, therefore this experiment
provides us more flexibility of tuning the role of nanomagnets for applications such as hyperthermal
treatment.
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5.3 Experiment
The chemicals used for the preparation of nanomagnets were Iron chloride hexahydrate (FeCl3 ·6H2O,
97%), iron sulphate heptahydrate (FeSO4 ·7H2O≥ 99%), ammonium hydroxide solution (NH3·H2O,
28%), hydrochloric acid (HCl, 37%), (3-aminopropyl) triethoxysilane (APS, 99%), ammonium hy-
droxide solution (28-30% NH3 basis).
The detailed method of preparation of Fe3O4 nanoparticles have been described in [3]. The Fe3O4
nanoparticles were fabricated using co-precipitation method. Mili-Q water (50 mL) was purged with
nitrogen to reduce oxygen and then heated up to 100 ◦C in an oil bath (130 ◦C) to reflux. Then
FeCl3 · 6H2O (0.1378 g) and FeSO4 · 7H2O (0.0701 g) were dissolved in concentrated HCL (1 mL)
and then mixed with hot water followed by NH3·H2O (15 mL). The obtained solution was refluxed
for 2 hours. The precipitates of the solution were washed with deionized water and alcohol and then
finally mixed in Mili-Q water. The obtained colloidal solution of nanomagnets was characterized
using high-resolution transmission electron microscopy (HRTEM) and X-ray diffraction (XRD) to
confirm the synthesis of Fe3O4 nanoparticles [3]. Nanodiamonds (40 nm) were prepared using syn-
thetic submicron diamond powder by irradiating with 40 keV α-particles followed by annealing at
1070 K and then milling to create nanoparticles. The concentration of NV centers in nanodiamonds
is approximately 12 ppm.
The nanodiamonds were then functionalized with (3-aminopropyl)triethoxysilane (APS) by mixing
10 µL of APS into 10 mL of ethanol solution which is composed of nanodiamonds in 0.68 mL of
ammonium hydroxide and 1 mL of water. The mixture is then stirred, then centrifuged and remixed
with water for use. C/Fe3O4 was prepared by adding 20 µL of Fe3O4 solution to 1 mL of APS func-
tionalized nanodiamonds and then stirred at room temperature. After six hours C/Fe3O4 mixture was
separated by centrifugation and then washed with water for further use.
The C/Fe3O4 solution carrying nanodiamonds-nanomagnets dissolved in water was spin-coated on
quartz substrates (25 mm × 25 mm × 1 mm). The quartz substrate has gold-coated electrodes im-
printed on it for RF field conduction. The deposition on the substrate is formed such that single
domain nanomagnets were bound with nanodiamonds as shown in Fig. 5.1. The substrate was then
placed in front of an optical microscope (0.9 NA) for imaging with 532 nm excitation. The field of
view of the optical microscope was approximately 30 × 40 µm2. A cylindrical bar magnet (diameter
= 4 mm, length = 6 mm) was used so that a uniform static magnetic field can be provided in the field-
of-view. The magnet was placed at a known distance from the sample to control the field strength. A
transmission electron microscope (TEM) image of C/Fe3O4 sample is shown in Fig. 5.1.
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Figure 5.1: TEM image of the diamond nanocrystals (large irregular and bright structures) connected
with single-domain nanomagnets (dark objects). The inset shows approximately Gaussian ( average
size = 12 nm and standard deviation = 2 nm) size distribution of nanomagnets. The nanodiamonds
size varies between 10 nm to 70 nm [3].
5.4 Results and discussions
Fig. 5.1 shows TEM image of a cluster of nanodiamonds connected with Fe3O4 nanomagnets. Di-
amond nanocrystals can be seen in bright irregular shapes and nanomagnets are in dark colour. Fig.
5.1 inset shows the size distribution of nanomagnets. The size distribution is approximately gaussian
with a mean 12 nm and standard deviation 2 nm . The C/Fe3O4 solution was ultrasonicated to form a
homogeneous colloidal solution before spin coating on the substrate. Once the solution is deposited,
the substrate was then placed in front of the optical microscope for imaging the nanodiamonds. A
wide field optical image of the sample carrying nanodiamonds-nanomagnets lying on the gold elec-
trode can be seen in Fig. 5.2(a). Nanodiamonds can be seen as dark spots with strong luminescence.
We selected the portion of the substrate where nanodiamonds were sitting on the gold electrode so the
ODMR lines could have strong contrast. The gold electrodes were used for conduction of RF signal
required during the acquisition of ODMR spectra. The nanodiamonds located on the substrate away
from the gold electrode would be weekly influenced by the RF and as a result ODMR lines would be
very noisy and indistinguishable from the background.
41
Figure 5.2: (a) Wide field optical-image of the nanodiamonds (dark-red spots) on a substrate. The
yellow band is a gold electrode for conduction of RF signal. (b) ODMR spectrum of NV centers from
a diamond nanocrystal shown by a circle in (a). The external magnetic field is about 21 mT. Black
noisy lines are experimental-data and red lines are the Lorentzian fittings to the experimental data.
The numbers show frequencies of the six RF-transitions acquired after multi-Lorentzian fittings [3].
Wide-field imaging microscope enabled us the acquisition of ODMR spectra from several nanodia-
monds simultaneously. To get ODMR spectra we placed a cylindrical bar magnet at a known distance
from the substrate so that a uniform magnetic field can be achieved for all the nanodiamonds in the
field of view. An example of the ODMR spectra taken from the NV centers inside a nanodiamond is
shown in Fig. 5.2(b). The experimental data were fitted with a sum of 6 Lorentzian to get the transi-
tion frequencies, amplitudes and line-widths of each line. The numbers shown in Fig. 5.2(b) are the
transition frequencies due to three different orientations of NV centers present in the nanodiamond
circled in Fig. 5.2(a). In some other nanodiamonds, we also observed eight lines due to the four
possible orientations of NV centers in diamond. In the experiment when the external-magnetic-field
is not aligned with the NV axis, the splitting between the transition lines is asymmetric with respect to
the zero filed splitting line (2.8 GHz). In such a case the transition lines between ms = 0 and ms =±1
will have unequal amplitudes.
The theoretical values of the ODMR frequencies can be found by solving the ground state spin Hamil-
tonian of the NV center as discussed in the previous chapter. Typical values for the zero-field-splitting
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parameter is Dgs = 2.8 GHz and the strain induced splitting is E ≤ 5 MHz. In our analysis of ODMR,
we have also evaluated the angle between the external field and the axis for each NV center.
We selected 15 diamond nanocrystals and utilized the scheme for NV magnetometry as discussed in
the previous chapter under external magnetic fields of 5 mT, 10 mT, 21mT and 40 mT. These crystals
were selected so that the ODMR spectra was good enough for magnetometry under strong fields
(40 mT). When the external field is increased, the ODMR spectra becomes noisy and the ESR lines
gets broader and indistinguishable. This creates failure in the Lorentzian fitting to get the ODMR
frequencies. In my experimental analysis the good nanodiamonds were those crystals which provide
an ODMR with clearly 6 or 8 lines. Because each NV center should have a pair of lines in the ODMR
and only four different orientations (8 lines in ODMR) of NV centers can exist. Therefore the good
quality ODMR spectra would have either 6 or 8 lines and the fitting error (due to noisy spectra) in the
ESR frequency was approximately 0.1 MHz.
Numerical simulations for the magnetic field of a bar magnet with the dimensions of 4 mm × 6 mm
were carried to find the field at various distances. We then fixed the spacing between the sample and
the bar magnet according to our simulations and achieved the required field during the experiment.
We also measured the field of the bar magnet using a commercial magnetometer which was 5.15±
0.15,10.6±0.4,21.3±0.9 and 40.8±1.6 mT.
Fig. 5.3 shows a scatter plot of the field sensed by NV centers in nanodiamonds under external fields
of 10 mT and 20 mT. The dataset along the x-axis is from 10 mT measurements and the data set along
the y-axis is for 20 mT field measurements. The x (10 mT) and y (20 mT) coordinate for each point
have been evaluated by (Bn− < B >)/σB, where Bn is the field sensed by individual nanodiamond,
< B> and σB are the average and standard-deviation of the fields given by all the 15 nanocrystals. All
the nanocrystals were found within an area of 30× 40 µm2, where the external field variation is about
0.01% according to our numerical simulations. We can see a strong correlation in the distribution of
the data-points in Fig. 5.3 because a particle which is giving us field Bn higher than the average field
<B> at 10 mT shows a similar trend for 20 mT field and vice versa. The correlation between the data
points could be due to the crystal structure of diamond and other paramagnetic impurities in diamond
such as 13C and 14N nuclei. The inset in Fig. 5.3 shows the field measurements from nanodiamonds
without having the nanomagnets attached with them. We can see that there is no correlation between
the data points and they are randomly distributed.
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Figure 5.3: Each point represents individual nanodiamond used for sensing the external field of 10 mT
(along x-axis) and 20 mT (along y-aix). Bn is the estimated field using nth nanodiamond, < B > and
σB are the average and standard-deviation of the fields obtained from nanodiamonds. The measured
valued of < B10 > and σB,10 are 10.6 mT and 0.4 mT. The straight-line is a linear-fit with a gradient
of 0.97 ± 0.15. The inset shows the results of experiment conducted when nanomagnets were not
attached with the nanodiamonds.
To explain the correlation described above, we have to look for the magnetization of single domain
nanoparticles. These single-domain particles show magnetic behaviour only under the influence of
external field and spontaneously change their magnetization leading to zero when the field is removed.
The time average magnetic moment of a single domain particle when the external field B is aligned
with its easy axis can be written as [132]
md = MsV tanh
(MsV B
KBT
)
(5.1)
where Ms and V are the saturated magnetization and the volume of the single domain particle. KB is
the Boltzmann constant, T is the temperature and MsV is an instantaneous magnetic moment of the
domain. The magnetic dipole moment of a single domain particle is proportional to the external-field,
if the external field is much less than the field required to achieve the saturation magnetization B0 ≡
KBT/(MsV ). In Fig. 5.3 the field sensed by the 15 nanodiamonds is varying because of the variation
in the number of nanomagnets attached to each crystal and the spacing between them. However
the deviation ∆B of the local field Bn from the mean field < B > should be directly proportional
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to the magnitude of the applied field B, this explains the reason for correlation shown in Fig. 5.3.
When the field B > B0, the magnetic dipole moments achieve saturation and do not increase much
when the field B is increased. Hence, the relative contribution of nanomagnets towards the net field
sensed by nanodiamonds will decrease ∆B/B ∝ md/B, as we increase the external field. Therefore,
when the external field has increased the term ∆B/ < B > should decrease. The magnitude of this
effect on each crystal will vary because the saturated magnetization depends on the size of single
domains being attached with nanodiamonds. We try to observe the saturation magnetization effect
of nanomagnets by varying the external field such as 5, 10, 21 and 40 mT as shown in Fig. 5.4.
The vertical dispersion of data points decreases from Fig. 5.4 (a)-(c). The Theoretical values of the
gradients in Fig. 5.4, calculated using Eq. 5.2 are 1.1 (a), 0.72 (b) and 0.42 (c). These values are close
to the values obtained from experimental data, the differences could be due to the variation in the
sizes of nanomagnets. The size variation in nanomagnets was observed to be 20% by Li et al. [133]
using the magnetization curves [3].
a =
Bhtanh(BV/B0)
BV tanh(Bh/B0)
(5.2)
where Bh and BV are the magnitudes of the external field along horizontal and vertical axis respec-
tively. The calculated values of B0 is about 15 mT calculated using the size 12 nm and magnetization
of nanoparticels 3.1 ×105 A/m (60 emu /g or 310 emu/cm3) [133]. This value is in agreement with
our experimental results provided in supplementary document [3] using the composite nanoparticles.
In single domains nanoparticles all the spins are aligned with each other and they behave collectively
as single unit (point dipoles). Considering a single domain nanoparticle as a point dipole, we can
calculate the magnetic field at the center of a nanodiamond due to a nanomagnet present at a certain
distance using the equation
Bnm ≈ µ04pir3 MSV tanh
( B
B0
)
(5.3)
In order to approximately estimate the field produced by a single nanomagnet, I used the average
size for nanodiamond (40 nm) and nanomagnet (12 nm) to calculate the average separation (26 nm)
between the centers of two particles. The average contribution of a single nanomagnet towards the
measured field using the nanodiamond will be 0.9 mT as calculated by Eq. 5.3 under external field of
10 mT.
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Figure 5.4: Plots of ∆B/ < B >= (Bn− < B >)/ < B >. Data along x-axis is taken for 10 mT only
and along y-axis (a) 5 mT, (b) 21 mT and (c) 40 mT. The error bars ± 0.04 mT shows sensitivity of
measurements estimated from noise in ODMR. The gradients of the linear fits are (a) 1.09± 0.17,
(b) 0.76± 0.08, and (c) 0.50± 0.09. The varying gradient shows saturation of the single-domain
magnetization.
5.5 Conclusions
In this chapter, I have described the synthesis of composite nanoparticles (nanodiamonds-nanomagnets).
As an application of NV magnetometry, I have demonstrated the sensing of single domain magnetic
nanoparticles. The contribution of nanomagnets to the field sensed by each nanodiamond varies
because of their number, size, shape and the separation from nanodiamond. Bn− < B > will be
proportional to the externally applied field if the external field is much lower than the field required
to achieve saturation-magnetization of dipoles in nanomagnets. This proportionality can be seen as
a correlation between the points at 10 mT and 20 mT in Fig. 5.4. No correlation is observed when
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nanodiamonds were without nanomagnets. At higher fields (40 mT) saturation of dipoles in nanomag-
nets is observed. The nanodiamond and nanomagnets composite particles could possibly be tested for
research in magnetic resonance imaging, magnetic hyperthermia and biosensing [13, 86, 134].
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Chapter 6
All-optical Nanothermometry using NV
Centers
6.1 Introduction
In this chapter, I have described an all-optical method for nanothermometry using the negatively
charged nitrogen-vacancy centers in single nanodiamonds. I have experimentally demonstrated a
temperature noise floor of 0.3 K/
√
Hz. The method described here provides us benefits in terms of its
simple experimental setup as compared to ODMR based measurements. However, the achieved noise-
floor is comparable to the demonstrated noise floor using ODMR based techniques. A comparative
analysis is also carried with other nano-thermal sensors such as the quantum dots and semiconductor
nanocrystals. The factors affecting the noise floor and the possibility of further reducing the noise
floor are also summarized. This experiment has been published in Nanotechnology [1].
In this chapter, I have used the following abbreviations.
ZPL = zero phonon line.
NZPL = Integrated number of photons within the spectral range of zero-phonon line.
PL = Photoluminescence.
D = Debye-Waller Factor.
EMCCD = Electron multiplying charge-coupled device.
48
6.2 Background
Thermometry using nanosensors could have a lot of applications in biomedical research and exper-
imentation [13]. Problems such as measurement of temperature on a microchip or the temperature
inside a biological cell would require special requirements for the size, operation and temperature
range of the sensor. The NV centers in nanodiamonds provide a solution to achieve a sensor which
is luminescent, non-toxic, available in various size and easily functional for biological targeting [13].
Several experiments have been reported for thermometry using NV centers in bulk diamond and nan-
odiamond crystals. Kucsko et al. utilized the temperature dependence of Dgs to conduct thermometry
inside a cell using nanodiamond [46]. They detected a temperature change of 0.5±0.2 K inside hu-
man Embryonic fibroblast cells using laser heating of a gold-nanoparticle placed nearby the nanodi-
amond. The reported temperature noise floor of about 10 mK/
√
Hz was achieved using 99.9% pure
bulk diamond crystal. Neumann et al. used pulsed sequences to record temperature fluctuations [47].
They achieved temperature noise floor of 5 mK/
√
Hz with bulk diamond and 130 mK/
√
Hz with
nanodiamonds. Toyli et al. [135] and Wang et al. [136] have claimed temperature noise floor of about
10 mK/
√
Hz using bulk diamond crystal. Most of the above described experiments [46,47,135,136]
are based on the spin state dependent photoluminescence of NV center and utilized pulsed excitation
of the NV detected inside an ultrapure diamond crystals. The ODMR method also requires the appli-
cation of radio frequency currents through a wire placed very close to the NV center which produces
complexity in the experimental setup and may not be suitable for applications which are sensitive to
heat generation due to the radio frequency current.
My experiment describes the sensing of temperature changes using NV centers in nanodiamonds.
The main goal is to achieve minimum temperature noise floor using temperature dependcence of the
photoluminesce spectra. The fundamental limit is the Poisson noise in the detection of photons.
This experiment utilizes a 590 nm laser excitation of NV centers in nanodiamonds. The reason for
using 590 nm laser is to reduce the contribution of NV0 optical zero phone line which appears at
575 nm in the PL spectra. The 590 nm laser photons (2.1 eV) would not have enough energy to
excite the NV0 center zero-phonon line at 2.16 eV. The NV0 phonon line is unnecessary and limits
the sensitivity of the measurements. I achieved a lower value of the temperature noise floor using 590
nm laser which shows the improvement [1] as compared to the previously published experimental
value using 532 nm laser [122]. The data analysis includes the observation of several temperature
dependent parameters such as Debye-Waller Factor, the amplitude of optical zero-phonon line and
the exponential background underneath ZPL. Ideally the zero phonon line in the PL spectra should
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have a flat background. However, due to thermally populated vibrational states, the PL spectra show
phonon sidebands around the zero-phonon line. The exponential background can be explained from
the relative population of a two-level system as N1/N0 = e−∆E/kT , where N1 and N0 are the population
of two different states with energies E1 and E0. ∆E = E0−E1, k is the Boltzmann constant and T
is absolute temperature. The relative population can be correlated with the luminescence intensity
and the above equation shows an exponentially dependence on the energy difference. Consequently,
the luminescence intensity should increase exponentially as a function of wavelength and that’s why
I have included exponential background underneath the zero-phonon line. The photoluminescence
spectra of 5 different nanodiamonds was acquired within the temperature range of 295 K to 403 K.
The analysis of spectra at various temperatures have shown that temperatre dependence of amplitude
of ZPL is twice as compared to the D . This implies that the amplitude of ZPL could be a good
candidate for thermometry.
6.3 Optical Debye-Waller Factor
The optical Debye-Waller Factor (D) is defined as the ratio of area under the zero phonon line (ZPL)
and the total emission spectra. The Debye-Waller Factor can be utilized to observe the temperature
dependence of zero-phonon line. If NZPL is the total number of photons contained within the ZPL (cal-
culated using the integrated intensity), then the smallest temperature change which can be observed
by Debye-Waller Factor thermometry technique is given as [122]
δTmin =
1√
NZPL
(
1
D
d
dT
D
)−1
(6.1)
The factor φD = ( 1D
d
dTD)
−1 is calculated using the temperature derivative of D and its mean value at
295 K. It is assumed that all the noise is Poissonian due to photon counting and there is no background
fluorescence. In presence of fluorescence background Eq. 6.1 has to be modified as follows.
δTmin =
√
1+3rb
1√
NZPL
(
1
D
d
dT
D
)−1
(6.2)
where rb is equal to the ratio of background intensity underneath ZPL and ZPL peak intensity. The
above equation gives the theoretical estimate of δTmin. In Eq. 6.2 instead of D other parameters like
amplitude of ZPL can also be used to calculate δTmin. The temperature noise floor ηT is
ηT = δTmin
√
τ (6.3)
where ’τ’ is the exposure time for a single measurement.
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6.4 Experimental Setup
In this experiment, I used nanodiamonds with a mean size of 35 nm and on average 100 NV centers
per particle. The nanodiamonds were spin coated on hydrophilic quartz slide after cleaning the slide
with Piranha solution. The quartz slide was connected with a heating stage where the temperature
can be raised with a minimum step of 1 K using a digital control box. The heating stage is a metallic
plate with a thermocouple attached for sensing temperature. A continuous wave 40 mw diode laser
(590 nm) was used for optical excitation of NV centers in nanodiamonds as shown in Fig. 6.1. A
dichroic mirror reflects the incoming laser beam towards a 50 × (0.5 numeric aperture) microscopic
objective that produces a 1.4 µm focused beam spot diameter on the quartz slide. A pre-focusing
lens was employed for imaging nanodiamonds, which was disabled during luminescence collection
from a single nanodiamond. The photoluminescence from a single nanodiamond was collected by
microscopic objective and transferred towards the electron multiplying CCD (Andor). An optical
filter with transmission band higher than the incident laser wavelength is in front of the spectrograph.
The quartz slide along with heating plate was fixed on a three-dimensional positioning stage.
In this experiment, I used Acton 2300i spectrograph. The photoluminescence collected from a nanodi-
amond enters the spectrograph through a slit. A collimating mirror projects the light on a diffraction
grating and a camera mirror focus the spectra of the input light on the EMCCD. By rotating the
grating, luminescence spectra centred at different wavelengths can be recorded. For imaging of the
nanodiamonds I used a grating with 2400 grooves per mm and for spectroscopy, I used a grating with
150 grooves per mm. The luminescence spectra of NV center were taken at a center wavelength of
685 nm so that the recorded spectra could cover the spectral range for NV−1 ZPL and the associated
phonon side bands. During the spectral measurements, the EMCCD was operated in conventional
amplification mode with an exposure time of 1 second. The EMCCD provided 512 × 512 pixel im-
ages displaying the recorded counts per second at each pixel Fig. 6.2(a). The counts obtained in
conventional amplification mode can be converted to the number of photons by multiplying the total
number of counts with 7.4. The luminescence spectra can be extracted from the images as shown in
Fig. 6.2(b).
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Figure 6.1: Schematic diagram of the experimental setup used for optical thermometry. The sample
is a quartz slide coated with dispersed nanodiamonds. The sample is connected to a metallic heating
plate and the temperature can be digitally controlled. NV photoluminesce is collected using 0.5 NA
microscopic objective. A pre-focusing lens is used to enhance the field-of-view. The dichroic mirror
permits the NV-luminescence towards the camera and blocks the laser beam. The photoluminesce is
recorded using EMCCD (Andor).
In order to plot the NV luminescence versus wavelength, I used a mercury lamp spectra to correlate
the pixels along x-axis with the wavelength Fig. 6.2(c). The emission spectra of mercury vapour
lamp was recorded using the CCD setting at a center wavelength of 685 nm. The emission spectra of
mercury shows several peaks and the corresponding wavelength for each peak was taken from NIST
reference database. A linear fit on pixel number versus the wavelength (nm) gives us an equation
for pixel to wavelength conversion as λn = 595.69+ 0.34(n), where ’n’ is the number of pixel Fig.
6.2(c). The luminescence intensity versus the wavelength plot is shown in Fig. 6.2(d). Using the
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experimental setup described above I recorded luminescence spectra of NV center from different
nanodiamonds over a temperature range of 295 K to 403 K with a step of 10 K. The acquired PL
spectra at different temperatures were analyzed using Matlab fittings so that the mean position, width
and amplitude of zero-phonon line could be determined.
Figure 6.2: (a) Photoluminescence from a nanodiamond as recorded by the EMCCD image
(512×512). The colobar shows recorded counts for each pixel. (b) The PL intensity has been ex-
tracted and presented along the horizontal pixel number. (c) Mercury lamp spectra recorded for
wavelength calibration. The inset shows a linear-fit to the data which provides the wavelength corre-
sponding to each pixel (λn = 595.69+ 0.34(n)). (d) Complete photoluminescence spectra of NV−1
is shown as a function of wavelength. The range of zero-phonon line is shown in red colour.
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6.5 Results and Discussions
Two PL spectra of a single nanodiamond under 532 nm and 590 nm excitation are shown in Fig.
6.3. The main difference between these two spectra is the contribution of NV0 center towards lower
wavelength. The zero-phonon-line of the NV0 center appears at 575 nm in the PL spectra, which is
clearly visible when observed using a 532 nm excitation laser Fig. 6.3. In this experiment, I selected
a 590 nm laser excitation so that only the NV− center could be excited and hence the contribution of
NV0 could be eliminated. The absorption spectra of NV0 center at room temperature shows a strong
reduction for wavelengths longer than 575 nm whereas around 500 nm the absorption is very high as
reported in [137]. Therefore the use of 590 nm laser should remove the contribution of NV0 center in
the luminescence spectra. The two spectra shown in Fig. 6.3 are scaled so that they overlap towards
longer-wavelengths where the contribution of NV0 is minimal.
Figure 6.3: Photoluminescence spectra of NV center at room-temperature under excitation with 532
nm (Black) and 590 nm laser (Blue). The positions of zero-phonon-lines in both spectra are shown
with asterisk. The contribution of NV0 zero-phonon-line has been reduced using 590 nm (lower
spectra). The amplitude of zero-phone-line and the background under the zero-phonon-line are shown
as AZPL and B0.
The advantage of excitation at 590 nm is the reduction of background by a factor of two, as compared
to the spectra achieved with 532 nm. This background is also contributing towards detection noise and
can be characterized by the ratio of background level B0 under ZPL and the amplitude of zero-phonon
line AZPL such that rb = B0/AZPL. The value of rb using 5 nanodiamonds at 590 nm excitation
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was 1.8(2) whereas the same quantity at 532 nm excitation varies from 4 to 10. Also using 590
nm excitation the phonon sideband towards the left of ZPL can be approximated by an exponential
function, whereas 532 nm creates complicated structure and difficulty in the fitting procedure.
The Fig. 6.3 shows PL spectra of NV center in nanodiamond using two different excitation wave-
lengths. The spectra are scaled by algebraic operations so that both the spectra overlap in the long-
wavelength-region. The zero-phonon-lines are labelled by asterisks. We used a Lorentzian function
with exponential background for the NV center ZPL in PL spectra. The data analysis was carried by
minimizing the chi-squared-function as follows
χ2 =∑
n
(
Nn−B0ebn− AΓ
2
Γ 2+(n−n0)2
)2
(6.4)
Where, Nn is the number of detected photons on nth pixel of the EMCCD. This corresponds to the
experimentally detected photons in PL-spectra. The theoretical data corresponding to the optical-
zero-phonon line is generated using a Lorentzian function and the exponential background as shown
by the second and third terms in the brackets Eq. 6.4. The fitting parameters for the Lorentzian are
the amplitude A, linewidth Γ and line position n0. In Eq. 6.4 ’n’ represents the pixels range from 1 to
512. The exponential background underneath ZPL is characterized by the fitting paramters B0 and b.
Experiments with NV centers in nanodiamonds provide evidence that linewidth increases and the D
decrease by increasing the temperature. The relative temperature dependence of the amplitude AZPL
is twice as compared to D . Theoretical dependence of D and ZPL width on the temperature can be
explained using the Debye model for electron-phonon coupling [122]. Specifically at room temper-
ature and above the ZPL width is proportional to T 2 whereas the decrease in D has an exponential
dependence [46]. These two factors when combined together can provide us an expression for the
temperature-dependence of ZPL amplitude normalized by the amplitude AR at room temperature TR.
A
AR
=
(
TR
T
)2
exp
(
− 2pi
2S(T 2−T 2R )
3T 2D
)
(6.5)
where TD is the Debye temperature for bulk diamond TD = 2220 K and S represents the electron-
phonon-coupling strength [122].
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Figure 6.4: (a) Spectra shown here for comparison of the zero-phonon-line recorded at two different-
temperatures 295 K (blue) and 383 K (black). The effect of temperature on the amplitude, background
and width of ZPL can be seen. The red curve shows the Lorentzian fitting to the ZPL. (b) Temperature
dependence of the normalized amplitudes of ZPL for different nanodiamonds. The solid-curve is the
fit to the data using Eq. 6.5.
The detected temperature change can be obtained using the mean (AZPL) and standard deviation (σA)
of amplitude of ZPL as obtained from the analyzed experimental data
σT =
σA
AZPL
ΦA (6.6)
Where, ΦA = AZPLdT/dAZPL has the units of kelvins. The value of experimental noise floor for a
measurement time of tm expressed in units of K/
√
Hz can be evaluated as ηT = σT
√
tm. To estimate
the noise floor, luminescence spectra of a nanodiamond was recorded for 22 mins at room temperature
and analyzed, each spectra was collected for exposure time of tm = 1s. The value of ΦA = 95 K
was determined by cubic-polynomial fitting to the experimental-data points for AZPL as shown in
Fig. 6.4(b). The experimentally detected change in the amplitude of the zero-phonon-line was then
multiplied by the value of ΦA to get the corresponding temperature change versus time shown in Fig.
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6.5. The standard-deviation of the temperature-fluctuations provide us a value of 0.3 K and by using
tm = 1s we deduce a noise-floor of 0.3 K/
√
Hz. The 0.6 K peak to peak range of fluctuations are
within 68% confidence interval.
Figure 6.5: (a) Time-series of ZPL amplitude demonstrates noise-floor of 0.3 K/
√
Hz. The solid-lines
are the fourth-order polynomial-fits indicating that the long-term-fluctuations are smaller than 0.6 K
(peak-to-peak value).
6.6 Other Luminescent probes for thermometry
In this section, I will describe a few available luminescent thermometric probes such as nanoparticles,
quantum dots and dyes. Fluorescent dyes such as Rhodamine 6G and Rhodamine-B with excitation
band in the visible range (497 nm - 545 nm) are easily available commercially, they are water dissolv-
able and can be used for thermometry in the temperature range of 273 K to 373 K [138], the reported
temperature-sensitivity is 0.1 K. The fluorescent dyes are mostly used for bioimaging and studying
microfluids [138], however they suffer from poor photostability at high temperatures.
The thermal response of CdTe (4nm) and ZnS:Mn2+ (10nm) quantum dots QDs have been exper-
imentally studied [139]. The fluorescence spectra of ZnS:Mn2+ QDs have been observed in the
temperature range of 303 K - 423 K under 360 nm excitation. The CdTe QDs have linearly decreas-
ing peak intensity in fluorescence spectra carried in the range 303 K to 333 K with a sensitivity of
1.1% K−1. The predicted temperature sensing resolution is about 0.02 K. Another research using
ultra-thin film of CdTe QDs have shown the sensitivity of 0.2 nm C−1 [140]. However, there are
a few drawbacks of using QDs such as the optical excitation in ultraviolet range which may not be
favorable in certain biological applications. The small size of QDs will have low quantum yield and
short emission wavelength along with irreversible quenching effects at high temperatures (∼ 413 K).
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Finally, I would like to compare the ODMR based thermometry with the all-optical method described
in this chapter. Kucsko et al. used the NV spin-dependent-luminescence (150 nm nanodiamonds) to
achieve a noise-floor of 0.32 K/
√
Hz [46], which is comparable to the demonstrated noise-floor of
0.3 K/
√
Hz in my experiment [1].
6.7 Conclusions
In this experiment, I have experimentally demonstrated a temperature noise-floor of 0.3 K/
√
Hz with
35 nm nanodiamonds. The method described here is an all-optical approach, thereby reducing the
requirements for RF setup which can limit the applicability. The fundamental limit is the Poisson
noise in the detection of photons. The noise floor can be further reduced by either improving the
detection efficiency, increasing the number of NV-centers and by reducing the contribution of NV0
in the PL spectra. I have also compared the NV thermometry with the available modern thermal
probes such as dyes and quantum dots. Therefore the size, photostability, biocompatibility, broad
temperature range makes the NV-center in diamond an ideal candidate for nanoscale thermometry.
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Chapter 7
Dynamics of droplet evaporation
7.1 Introduction
This chapter is focused on the study of the dynamics of evaporating water microdroplets on a solid
substrate using fluorescent nanodiamonds. The literature review of the available theoretical model of
droplet evaporation is provided along with unresolved issues. In this chapter, I put emphasis that the
accurate knowledge of surface-temperature of the evaporating-droplet is an important problem which
is unresolved and is still a goal for many ongoing experiments.
The time-dependent heat equation is solved using numerical-simulations to determine the surface
temperature of the evaporating droplet. In the simulations I have included the heat transfer from the
substrate to the droplet and evaporative cooling at the droplet-surface. The temperature-dependence of
vapour concentration at the droplet surface is taken into account so that the evaporative cooling could
be properly implemented. The results of simulations are also compared with previously published
experimental data to demonstrate the reliability of the model.
In the experimental part of this chapter, I have shown the application of diamond nanoparticles for
temperature sensing and fluid velocity measurement near the droplet edge. Using the NV lumines-
cence, the deposition of particles at the droplet edges forming a coffee ring pattern is also observed.
Experimental results for three-dimensional particle tracking are also presented.
This chapter demonstrates the applicability of NV-centers for studying microfluidics and possibility
of droplet-based biosensing. These results could encourage many research groups to consider using
nanodiamonds as an accurate and precise measurement tool of thermometry and fluid velocimetry.
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7.2 Background
The evaporation of a sessile droplet is a dynamic phenomenon which depends on a number of vari-
ables such as the nature of solvent, ambient temperature, relative humidity, and heat-transfer from
the substrate. The information about the temperature of the evaporating droplet is essential for the
understanding of fluid flow and deposition patterns of microdroplets.
The drying of a water droplet carrying colloidal particles on a solid substrate leaves behind a nonuni-
form deposition pattern known as the coffee ring. The formation of coffee ring has been observed
with different types of solvents and various shapes or particle sizes of solute [141]. The analysis of
small evaporating droplet (contact angle less than 90◦) is highly simplified under the assumptions that
the droplet maintains its shape as a spherical-cap and the contact line is pinned with substrate. These
assumptions have been experimentally verified and are considered to be true during 90% of evapo-
ration time [142]. For a slowly drying droplet (under ambient conditions) and size (base radius = 1
mm, initial height = 0.3 mm) the shape of droplet is strongly influenced by the surface tension forces
and is approximated as a spherical-cap. The shape of the droplet is rotationally symmetric about the
z-axis, therefore cylindrical coordinates have been used for the geometry as shown in Fig. 7.1.
Figure 7.1: Schematic diagram of a droplet on the substrate. The radial and vertical coordiantes are
shown as r and z. The height of droplet at the apex is h0, the height and evaporation flux at any point
on the droplet surface is hr and Jr. The contact angle is θc and R is the droplet-base-radius. The
substrate shown in gray colour is at a temperature Ts and T∞ is the room temperature.
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During evaporation water vapours diffuse in the air due to gradient in the vapour concentration above
the droplet, however at the droplet surface vapour concentration is constant know as saturated vapour
concentration Cs. Far from the droplet the vapour concentration is C∞ = HCs, where H is the relative-
humidity of air). The difference between the vapour concentration at droplet surface and far away
from the droplet drives the evaporation of droplet and is governed by the diffusion equation
∂C
∂ t
= D∆C (7.1)
Where C is the water vapour concentration and D is the diffusion-coefficient of water vapours in air.
For a slowly drying water droplet under ambient conditions, the evaporation is considered as a quasi-
steady state [104] leading us to a Laplace equation for the distribution of vapour concentrations as
∆C = 0. The boundary conditions for solving the Laplace equation are as
1. C =Cs, r ≤ R,z = hr
2. J = 0, r > R,z = 0
3. C = HCs, r = ∞,z = ∞
The evaporation flux at the air-liquid interface can be written as Jr =−D∇C. Deegan and Popov have
given approximate equation for the evaporation flux at any point on the droplet surface [105, 143].
J(r) = J0(θc)
(
1− r
2
R2
)−λ (θc)
(7.2)
Where r is the radial distance from the center of the droplet, R is the droplet base radius, J0 is the
evaporation flux at the droplet apex. The contact angle θc is in radians and λ (θc) = (1/2− θc/pi).
The above equation is valid for a small droplet when 0 ≤ θc ≤ 90 and r ≤ R. The Eq. 7.2 describes
a diverging flux towards the edges of the droplet. This diverging flux is responsible to overcome the
strong evaporation losses near the edge while maintaining the droplet shape and keeping the contact
line fixed [104]. Hu and Larson experimentally verified the Eq. 7.2 for small droplets and reported
the mathematical expression for evaporation flux at the droplet apex [142]
J0(θc) =
D(CS−C∞)
R
(0.27θ 2c +1.30)
(
0.6381−0.2239
(
θc− pi4
)2)
(7.3)
where D is the diffusivity of vapours, Cs is the saturated vapour concentration at the droplet interface,
C∞ is vapour concentration far away from the drop which depends on the humidity and the room
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temperature. Hu and Larson extended the model of droplet evaporation to find fluid velocity using
an approximate analytical solution of Navier-Stokes equations. The mathematical expressions for the
radial and vertical components of fluid velocity during the droplet-evaporation are given in [144]. The
solution of these analytical equations are in agreement with the numerical solutions determined using
finite element method and is discussed briefly in [144].
The above described model of droplet evaporation is known as isothermal model because it does not
take into account the heat-transfer at the air-liquid-interface and therefore a uniform temperature is
considered at the interface. This results in a constant saturated-vapour concentration on the droplet
surface. Experimental measurements of the droplet surface temperature [145] have shown significant
variation of temperature inside and on the surface of droplet. The temperature variations could be
due to the non-uniform evaporative flux at the surface and the heat transfer inside the droplet. Higher
evaporative-flux could lead towards higher latent heat of evaporation locally and hence lowering sur-
face temperature. The local surface temperature of droplet also changes because of the nonuniform
path-lengths for heat-conduction from the substrate to the interface. As the height of droplet de-
creases towards the edge, the rate of heat conduction increases. The consequence of heat and mass
transfer would be a nonuniform evaporative-flux at the interface which differs from the assumption
of isothermal model. Ignoring the evaporative-cooling at the interface and the heat-transfer from the
substrate in the model, could lead to inaccurate predictions of the dynamics of droplet evaporation.
The disagreement (an order of magnitude) between the theoretical and experimentally measured fluid
velocity in water droplet is reported in [146]. Girard et al. have experimentally measured the droplet
surface temperature which differs significantly from their theoretical simulations [147].
The knowledge about the droplet surface temperature is central towards the calculation of evaporative
flux, fluid velocity and for the accurate theoretical modelling of the droplet evaporation. Zhang et al.
utilized the evaporative-cooling at the droplet surface and numerically solved the Laplace equation to
find the temperature distribution of the droplet [148]. Xuefeng and Liran extended the temperature
analysis and included evaporative cooling and variable vapour concentrations at the interface [149].
Despite these efforts, a complete theoretical model of droplet evaporation is still not available so that
the experimental results could agree with the theoretical simulations.
The next section describes a numerical solution for the droplet surface temperature by including
appropriate conditions so that the simulated results could be comparable with the previously reported
experimental results.
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7.3 Model and Numerical Simulations
The model used for numerical simulations of temperature consists of a droplet sitting on a substrate
which is surrounded by air as shown in Fig. 7.1. I have included the heat transfer from the substrate
to the droplet and in the air domain. This model can be used for a hot substrate and when the sub-
strate is under ambient temperature. The input parameters require droplet size, the temperatures of
the substrate, ambient temperature and humidity. The base of substrate is assumed to be at a fixed
temperature of Ts. The initial conditions are (i) The air domain and the droplet are at the ambient
temperature T∞. (ii) The substrate is at temperature Ts. The boundary condition at the droplet sur-
face is defined by the heat flux which is calculated using ~Q = JHev~n, where Hev is the latent heat
of vaporization and ~n is the unit vector normal to the droplet surface. The model also includes the
temperature dependence of saturated vapour concentrations at the droplet surface as given in [150].
The heat dynamics can be described by the time-dependent heat equation as
∂T
∂ t
= k∇2T. (7.4)
This equation is numerically solved using COMSOL Multiphysics by using the initial and boundary
conditions described above to find the temperature inside and around the droplet for a time interval
of 1 second. To find out the temperature at t = 2 s, the previously calculated temperature at t = 1 s
is taken as initial condition. The height at droplet apex ht and the contact angle θc are calculated for
each time step as
ht = h0
(
1− t
tf
)
and θc = 2arctan
(
ht
R
)
(7.5)
In this simulation R is constant as observed from experiments that the droplet base radius stays con-
stant about 90% of total evaporation time [142]. The newly calculated value of heat flux is used as a
modified boundary condition at the droplet surface along with the boundary conditions (ii) and (iii)
and again the time dependent heat equation is solved. The procedure described above is repeated to
find the temperature at each time step.
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7.4 Comparison of numerical-simulations with experimental re-
sults
This section provides a comparison of the numerical simulations using the model described in the
previous section with experimentally reported results of droplet surface temperatures. Most of the
experimental data is taken using infrared thermographic cameras. The reported results shown in this
section are taken as they were provided in the references. The experiments did not provide the exact
time instant at which the thermographic images were recorded, therefore the criteria for comparison
between theoretical and experimental results is the temperature difference between the droplet edge
and apex ∆Td . The value of ∆Td varies throughout the evaporation, especially it gets smaller towards
the end of the evaporation. Therefore I will select the time instant of my numerical solution for
which the value of ∆Td matches closely with the experimental. The infrared thermographic imaging
of droplet suffers from several sources of inaccuracies such as detected radiation coming from the
bottom of the droplet, radiation from other sources being reflected from the droplet surface and cali-
bration of the camera. In order to validate the model described in previous section, I will compare the
simulations with experimental data for droplets drying at different substrates and temperature. Fig.
7.2 shows experimental [5, 6] and simulated results of surface temperatures for droplet drying on hot
substrates. These substrates have different thermal conductivities.
Fig. 7.2(a) shows the thermographic image of surface temperature for a water droplet drying on
silicon wafer. The droplet size and drying conditions are given in Fig. 7.2 caption, the temperature
scale is shown in degree Celsius. The value of ∆Td is about 9 ◦C. Fig. 7.2(b) is the numerically solved
temperature of droplet by using the information given in [5]. The solution shown here is taken at t =
5 s. The time step of the solution is selected so that the simulated and experimental value of substrate
temperature is same. Fig. 7.2(c) shows a water droplet drying on a hot copper substrate as given in [6].
Fig. 7.2(d) shows the numerical result achieved using the given information in [6]. As reported in [6]
the thermographic camera was calibrated on water, therefore the numerical solution shown in Fig.
7.2(d) is selected so that the apex temperature is same as in experimental Fig. 7.2(c). From the results
shown in Fig. 7.2, the disagreement between numerically solved and the experimentally reported
values of ∆Td is less than a factor of two. For a better comparison, the experimental data needs to be
taken with more accurate sensing technique such as the NV-center, using the temperature-dependence
of zero-field splitting in the ODMR-spectra as described in Chapter 4.
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Figure 7.2: (a) Infrared thermographic image of water droplet drying on silicon wafer at 70◦C. The
droplet volume is 5 µl and size (R=1.8 mm, h0 = 0.7 mm). The initial contact angle is 43◦, relative
humidity 50% and room temperature 25◦C. The experimental parameters and the image shown in (a)
is taken from supplementry documents given in [5]. (b) Surface temperature of droplet obtained by
solving the time dependent heat equation. The solution shown here is taken at t = 5 s and ∆Td =
4.8◦C. (c) Infrared thermographic image of water droplet drying on copper substrate at 60◦C (image
taken from [6]). The experimental conditions are R=1 mm, h0=0.75 mm, initial contact angle 74◦,
T∞ = 20◦C, substrate thickness 1 mm and relative humidity 25%. (d) Simulated surface temperature
using the information given in [6], the temperature shown here is taken at t = 9 s.
The evaporative cooling of a water droplet has also been observed by using the temperature-dependent
shifts in the ODMR-spectra of NV-centers. The experimental setup described in Chapter 4 was used
to acquire the ODMR spectra when the nanodiamond was located near the edge of a drying droplet.
The time required to complete data acquisition of an ODMR was around 50 s using 160 mW laser
power. The experiment was conducted under ambient-conditions (room temperature 22◦C, relative-
humidity 0.5). Two sets of ODMR data were acquired, first during the droplet evaporation and second
at the dry substrate. The data using dry substrate was recorded at various laser powers and analyzed
by using multi Lorentzian fitting to get Dgs as described in [124]. The measured values of Dgs at
different laser powers were used to estimate Dgs at room temperature by linear fitting as shown in
Fig. 7.3(a). The laser heating of the nanodiamond was determined and it was found that the laser
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heating due to 160 mW power could raise the temperature of nanodiamond about 1.3 degree higher
than the room temperature (22◦C). The water droplets having sizes (base radius 0.6 mm, initial height
0.23 mm) carrying colloidal solution of nanodiamonds were carefully deposited on the glass substrate
using a pipette. The Dgs for nanodiamond inside evaporating water droplet was determined from the
ODMR measurements taken during the drying process (total drying time 300 s). The values of Dgs
for the evaporating droplet is shown in Fig. 7.3(b), the black dotted line shows the room temperature
value of Dgs.
Figure 7.3: (a) The values of Dgs determined by Lotentzian fittings on the ODMR spectra for various
laser powers. Error bars are taken by fitting on 5 spectra at each laser power. The inset shows the
laser heating of nanodiamond at 160 mW. (b) The values of Dgs for nanodiamond near the edge of
evaporating droplet. The black dotted line shows the value of Dgs at room temperature determiend
from (a). The evaporation ends at 300 s.
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Figure 7.4: (a) Temperature sensing at the edge of a drying droplet using nanodiamond, each mea-
surement is shown after 50 s. The black dotted line shows the room temperature. The maximum
evaporative cooling is 0.4◦C. (b) Numerically simulated temperature at edge of droplet. The maxi-
mum evaporative colling is 1.3◦C at t = 30 s.
The evaporation data shown in Fig. 7.3(b) is converted into the temperature change during the evap-
oration of droplet using the method described in [124]. The temperature at the edge of the drying
droplet has been shown in Fig. 7.4(a). The evaporative cooling during the drying process is about
0.4 degree at the early stage (50 s) later on heating due to the heat transfer from the substrate takes
place. The temperature raised to 24◦C at the end of drying is partially supported by laser heating of
nanodiamonds about 1.3◦C and possibly the heating due to surface impurities of nanodiamonds. The
temperature at the edge of drying droplet evaluated using the numerical simulations is also shown
in Fig. 7.4(b). The evaporative cooling is observable at the initial stage up to 30 s and then con-
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ductive heat tranfer can be seen. The heating stays towards the end of drying when the temperature
of droplet edge is equal to the room temperature. The numerically estimated maximum evaporative
cooling is about 1.3◦C. The disagreement between the experimentally observed and numerically cal-
culated temperatures can be reduced by including the laser heating, convective heat and mass transfer
in numerical modelling of evaporating droplet.
7.5 Analysis of Coffee-Ring using nanodiamonds
Coffee-ring (CR) effect is known as the formation of a ring pattern at the edges of a dried liquid
drop. When a droplet dries on a solid-surface the colloidal particles move from the center of the drop
towards the edges due to the fluid flow. The phenomenon can be observed with different solvents
carrying various types of particles. The CR effect results in a nonuniform deposition of particles on
the substrates and it depends on several experimental parameters such as the type and shape of solute
particles, viscosity of solvent and the interaction of solvent with the substrate. The CR effect is a fun-
damental problem in applications where uniform deposition of solute on a substrate is required such
as printing, thin film coatings, nano-devices based on fluids, nanoparticle or biomolecule separation
and chromatography.
In literature, several experimental studies have been carried out to reduce the formation of coffee ring
effect. Yunker et al. used spherical and ellipsoid polystyrene micro-particles dispersed in water [151].
The droplets of colloidal solution were dried on a glass substrate. The formation of CR was stronger
with spherical particles due to the ability to pack together closely, in contrast the ellipsoidal particles
reduced the CR. Gorr et al. reported a biofluid carrying protein (lysozyme) dissolved in deionized
water deposited on a silicon-substrate [152]. By varying the size of the droplet on the substrate and the
concentration of protein, the distribution of particles has been transformed from ring-shaped to a cap-
shaped. The ring-shaped pattern provided high concentration at the edges of the drop whereas the cap-
shaped pattern did the vice versa. The critical diameter for ring formation increased with the increase
in concentration. [5] have shown that a uniform deposition can be achieved by fast evaporation of the
drop. They used monodisperse polystyrene nanoparticles in water drop dried at silicon. At 75◦C the
evaporation rate of the drop at the surface exceeded the particles diffusion rate resulting in particle
jam at air-liquid interface forming uniform deposition.
I conducted experiments for analyzing the CR using 35 nm fluorescent nanodiamonds dissolved in
water. A microdroplet (volume ≈ 0.1 µL) was deposited on a glass substrate and the formation of
CR was observed by imaging nanodiamonds under ambient conditions using 532 nm laser (100 mW)
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shown in Fig. 7.5.
Figure 7.5: Formation of coffee-ring using nanodiamonds. Images shown here were recorded at
different locations of the edges of a dried droplet. The collection of nanodiamonds forming a ring
pattern can be seen. Each image shows a small section (30 µm x 40 µm) of the entire coffee ring
along the parameter of the dry spot. The droplet volume and the contact radius were 0.1 µL and 0.6
mm respectively. The drying time was about 150 s.
Deegen’s model explains that the formation of CR-deposition is due to increased evaporation flux
near the edges [104, 153]. The losses due to evaporation are compensated by the strong flow towards
the edges. In order to confirm the assumption of Deegen I did experiments for slowly drying droplets.
The goal was to reduce the rate of evaporation near the edges so that the transfer of nanodiamond
particles towards the edges can be reduced and the formation of coffee ring could be suppressed. The
droplet carrying nanodiamonds was released on a glass substrate and was placed inside a closed cham-
ber. To achieve slow drying I put a few water droplets on the substrate nearby the droplet carrying
nanodiamonds. Due to the extra water droplets the humidity inside the chamber was increased and the
vapours from the neighbouring water drops were able to reduce the evaporation losses at the edges of
the droplet carrying nanodiamonds. After several experiments, I was able to control the drying time
of droplets. The outcome of these experiments showed suppression of the coffee ring and as a result
nanodiamonds were observed to be randomly distributed on the substrate as shown in Fig. 7.6. The
idea of using extra water droplets to reduce the coffee ring has already been reported by Deegen et
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al. [153]. The reduction in coffee ring formation can be analyzed from the surface morphology of the
deposition pattern using an atomic force microscope.
Figure 7.6: Slow drying of colloidal solution of nanodiamonds. The droplets were dried on glass
substrate. The dry time is (a) 2 mins (b) 30 mins (c) 120 mins (d) 240 mins. Each image shows a
small section (30 µm x 40 µm) of the entire parameter of the dried spot. When the drying time is
increased, suppression in the formation of coffee ring can be observed.
Further, I conducted another experiment with nanodiamonds which help to verify the results of the
fast drying of droplets in [5]. It is predicted that fast drying of a droplet on hot substrate (75◦C)
could reduce CR formation and attain near uniform deposition patterns. Due to fast evaporation,
the particles are captured by the rapidly descending droplet air-liquid interface which could prevent
the departure towards the edges. The results of this experiment have been shown in Fig. 7.7. The
experimental results provided in this section could motivate researchers to use nanodiamonds for
observation and experimentation with the deposition patterns of droplets.
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Figure 7.7: Comparison of the deposition patterns near the center of a dried droplet. Each image
covers an area of 30 µm × 40 µm on the substrate. The upper panel shows five images taken with a
droplet dried at room temperature 22◦C and relative humidity of 60%. The lower panel shows images
of the droplet dried on a hot substrate at 80◦C, the ambient conditions were same as in (a). The
deposition near the center of droplet has been enhanced due to fast drying which results in reduced
CR as predicted by [5].
7.6 Three-dimensional traces of nanodiamonds and velocities in-
side an evaporating water droplet
This section provides experimental results for the fluid flow analysis using the fluorescent nanodia-
monds. 35 nm nanodiamonds solution (concentration 1 mg/mL) was diluted 1000 times using deion-
ized water. The colloidal solution was ultrasonicated to avoid aggregates. The solution was then
dropped on a glass substrate in the form of a microdroplet with a volume of approximately 0.1 µL
and initial height of 0.25 mm. The sample which is a glass substrate having a dried deposition of nan-
odiamonds was fixed with a mechanical stage and the nanodiamonds were imaged using an optical
microscope. Once the edge of the droplet is found the sample is translated mechanically across the
beam so that the opposite edge could be seen under the microscope. The reading on the vernier scale
was then used to find the diameter of the droplet which was approximately 1.2 mm. The observed
drying time was 140 s, ambient temperature was 22 ◦C and relative humidity 60%. Once the droplet
was left on the substrate for drying, the substrate was then placed under the optical microscope (30
µm × 40 µm field of view ) to observe the fluorescent nanodiamonds in the fluid flow. Video data
was recorded near the edge where we can see the nanodiamonds moving along the fluid flow and
deposition on the droplet edge forming the coffee ring.
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I used a two-dimensional Gaussian-fitting function to determine the position of nanodiamonds in the
x-y plane. The acquired traces of 30 particles near the droplet edge are shown in Fig. 7.8(a). To
find out the minimum detectable change in the position of a particle in x-y plane, I carried some
measurements. The position of a specific particle was determined using two-dimensional Gaussian
fitting at different locations by shifting the position of substrate across the beam using a piezoelectric
nanopositioning system (Thorlabs). During this process, the sample position was fixed at the focal
plane of microscope for imaging. Then the position of nanodiamond was changed by varying the
voltage from the piezo controller (1 volt correspond to 0.267 µm) and the image was recorded at each
position. After varying the piezo voltage by known value I found that each pixel correspond to 0.317
µm in the x-y plane. A Matlab code was written to implement the Gaussian fitting, which provides
us with mean position and the uncertainty. The estimated uncertainty with 99% confidence interval
in the position measurement was approximately 0.03 µm. This value is also in agreement with the
minimum x-y displacement shown in the Fig. 7.8(c).
In order to find the displacement of nanodiamonds (along z-axis) moving out-of-focus of microscopic
objective, I acquired some calibration data using a nanodiamond which is fixed on the substrate and
present in the center of the field-of-view. The substrate was moved along the z-axis by known dis-
tance using piezo nanopositioning system with a minimum step of approximately 0.5 µm and the
nanodiamond is imaged at every step so that when the nanodiamond moves out-of-focus a defocus
and broad spot can be seen. I recorded the data such that the nanodiamond has moved along the opti-
cal axis about 7.5 µm away and 6 µm towards the microscopic objective. The width of the bright spot
showing a nanodiamond was measured for various z-axis displacements. The width was determined
by using the two-dimensional Gaussian function when the diamond was defocused by about 2 µm,
afterwards when the Gaussian fitting fails a two-dimensional ring function was used for fitting. The
calibration data for displacement along z-axis is shown in Fig. 7.8(b). The data shown in black colour
was acquired when the nanodiamond was resting on the substrate within a water droplet whereas the
red curve was taken with a dry substrate. The minimum displacement for the dry data (red) is 0.27
µm and for the wet data (black) it is 0.54 µm. Both the curves overlap well near the focus. Using
the calibration data shown in Fig. 7.8(b) the displacement of particles along z-axis was determined
as shown in Fig. 7.8(c). From the analysis of displacement along z-axis for various nanodiamonds
at different evaporation times, I observed that the minimum detectable displacement along z-axis is
approximately 0.5 µm.
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Figure 7.8: (a) Traces of nanodiamonds in x-y plane during the droplet evaporation. Particles are
being deposited at the edge shown in dashed vertical line. (b) Calibration data for displacement of
nanodiamond along the z-axis in water (black) and on dry substrate (red). (c) Displacement of a
nanodiamond observed during droplet drying. Each time step is equal to 0.022 s. The x-y-z displace-
ments are shown in different colours. The displacement along x-axis can be well approximated as
linearly dependent on time. (d) Three-dimensional trace of a nanodiamond (same as in (c)) moving
with the fluid flow. The colour bar shows the time scale which starts when the particle arrives within
the view and ends up when the particle reaches the edge forming a part of coffee ring deposition. The
field of view in (a) and (c) is 30 µm x 40 µm.
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The calibration data for z-axis was then used together with an analysis of particles in the x-y plane on
the substrate. I then computed the displacements along the three axes shown together in Fig. 7.8(c)
as a function of time. This dataset can be used to determine experimentally the radial and vertical
velocity components of nanodiamonds. The displacement along the x-axis is found to be linearly
dependent on time for nearly all the particles which were analyzed throughout the evaporation process.
Therefore I analyzed the experimental radial velocity of nanodiamonds at various time instants during
the evaporation for comparison with theoretical-results of Hu and Larson’s equation given in [144].
In Fig. 7.8(d) I have shown a three-dimensional trajectory of a particle analyzed at an early stage of
evaporation. The data shown in Fig. 7.8(c) and Fig. 7.8(c) belongs to the same particle. It can be
seen from the particle trajectory that it was moving close to the air-liquid interface which is given by
the slope near the end. The three-dimensional analysis of the particle traces would be very helpful
to verify the reported phenomena of the surface capture of particles at the air-liquid-interface which
resulted in the suppression of coffee ring [5].
The displacement-time graph shown in Fig. 7.8(c) was used in the analysis to determine the radial
velocity of nanodiamonds near the vicinity of droplet edges shown in Fig. 7.8(a). The velocity was
observed to be constant within this domain of view throughout the evaporation (about 90% time) when
the contact base-radius R of the droplet stays constant. The velocities for all the analyzed particles
was increasing with the evaporation time as shown in Fig. 7.9. These velocities are taken when the
microscopic objective was focused on the substrate. The analyzed particles are selected in groups
lying within different time intervals. The velocity of particles also depends on the vertical height
from the substrate. This effect can be seen in Fig. 7.9 where we can see the variation in velocities
at each time. The theoretical values of fluid velocity simulated by Hu and Larson are less than my
experimentally measured velocities. The maximum theoretical velocity for a water droplet without
Marangoni effects is 10 µm/s [144] whereas with Marangoni effects the maximum reported velocity
is 50 µm/s in [154]. In contrast, the maximum experimental velocity in my experiment is 126 µm/s.
To explain the differences between the theoretical and experimental values I have to determine the sur-
face temperature of drying droplet accurately and then using the temperature dependent non-uniform
evaporation flux, I would then calculate the fluid velocity. The theoretical equations for the fluid
velocity given by Hu and Larson [144, 154] should include the temperature dependent evaporation
flux. A comparison between theroretical and experimental velocity data is required for validity. NV
center based thermometry of the drying droplet could be a possible solution for accurate temperature
measurements by using temperature dependent shift in the ODMR spectra.
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Figure 7.9: Experimental radial velocities of nanodiamonds flowing inside a drying water droplet.
The data acquisition took place after about 30 s of deposition on substrate. The evaporation ends in
about 140 s. The droplet base radius R stays constant up to 130 s.
7.7 Conclusions
In this chapter, I have demonstrated the use of NV centers in nanodiamonds for studying the dynamics
of the evaporating water droplet. Nanodiamonds were used to analyze the fluid flow velocities and the
coffee-ring depositions-patterns. The literature review shows that the measurement of droplet surface
temperature is an important issue due to unavailability of proper sensing techniques. I carried nu-
merical simulations by including the evaporative-cooling at the droplet interface and heat-conduction
from the substrate. The results of simulations are compared with previously published experimen-
tal data. The temperature sensing of a drying droplet using NV centers in nanodiamonds have been
carried experimentally and the results are compared with simulation. The analysis and results of
this chapter suggest that NV-thermometry could be a unique and explicit technique for the determi-
nation of droplet surface temperatures which could help to validate many published theoretical and
experimental results.
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Chapter 8
Conclusions
8.1 Introduction
The research work and the outcomes narrated in this thesis describe several applications of thermom-
etry and magnetometry using NV-centers in nanodiamonds. Most of the work done in this thesis was
conducted using nanodiamonds with a size of 35 nm. The aim is to experimentally investigate the
unresolved issues which are related to nanosensing and provide a straight-forward solution using the
fluorescence of NV centers. The chapters of my thesis provide detailed experimental realization and
benefits of using NV centers over most advanced existing techniques of nanosensing. Those chapters
which occupy an experiment also contains a literature review of the progress and attempts to solve the
technical issue which is of special importance and reported by many researchers. The contributions
which have been established during each experiment and the attained achievements along with their
possible implementations are then described as conclusive remarks at the end of the chapters.
8.2 Summary of the results
This thesis is composed of a chain of experiments which are described from chapter 3 to chapter
7. Each study is conducted to investigate a problem which is of wide interest for the community of
scientists working with diamond nanosensing. The structure of chapters includes a literature review
of published work during the last 10 to 15 years, theoretical description, experimental results and
concluding remarks. A short summary of the experiments incorporated in this thesis is expressed in
the paragraphs below.
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The first study which is detailed in chapter 3 is about the overview of the NV-photoexcitation char-
acteristics such as the luminescence quantum-yield, NV concentration in nanodiamonds and the ab-
sorption cross-sections. I have also provided the comparison of these properties for NV centers within
bulk and nanocrystals. The interaction between electromagnetic fields with NV centers including the
effects of substrates has been described. Further on I have demonstrated a new potential application
of the NV-luminescence for quantification of commercially available nanodiamonds. This includes
the measurement of size distributions of nanocrystals.
The next study was carried out to design an experimental setup so the commercially available nan-
odiamonds were used for magnetometry. In this study, I used 35 nm nanodiamonds to accomplish
NV-magnetometry. The goal was to determine how exactly the magnetic-fields could be experimen-
tally measured. I found that the accuracy of magnetic-field sensing is around 20µT. The detailed
analysis also included the effects of diamond crystal imperfections and the presence of paramagnetic
impurities.
Further, I extended the NV magnetometry for nanosensing and detection of magnetic nanoparticles
explained in chapter 5. This study was conducted using the experimental setup and the analysis
scheme which was developed during the previous study of finding accuracy in magnetic sensing.
However, in this experiment, I used a sample which consists of nanodiamonds (40 nm) chemically
combined with iron-oxide nanoparticles (12 nm). The saturation magnetization of single domain
nanomagnets was observed by applying external-magnetic-fields in the range of 5µT, 10µT, 20µT
and 40µT. Using NV centers in nanodiamonds I showed the detection of iron-oxide nanomagnets.
The next part of my thesis is related to the applications of NV nanothermometry comprised of chapter
6 and chapter 7. In chapter 6, I have described an experimental technique of nanothermometry using
the NV-photoluminescence spectroscopy of fluorescent-nanodiamonds (35 nm). The zero-phonon-
line which appears in NV-photoluminescence spectra was observed and analyzed for a broad-range
of temperatures (295 K to 323 K). A temperature noise-floor of 0.3 K/
√
Hz has been experimentally
achieved and have been compared with recently reported ODMR based thermometry techniques. A
general comparison of benefits of using NV-thermometry over modern contemporary nanothermome-
ters such as quantum dots and fluorescent dyes is also detailed. Chapter 7 has a broader scope related
to NV nanosensing. A special emphasis is placed on the thermometry of a drying water droplets.
Theoretical model has been described along with numerical simulations. A comparison of my simu-
lated results with experimentally reported results is detailed for validation of the model used here. I
have demonstrated that NV centers provide us exciting opportunity to study the dynamics of droplet
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evaporation by observing the fluid flow velocity and three-dimensional traces of nanodiamonds.
8.3 Future developments
The work-described in this thesis can possibly be extended towards several different branches of the
science. The excellent NV sensing capabilities could be a remarkable tool for research exploration
in nanotechnology, biomedical science, and condensed matter physics. On the other side, optical
microscopes based on NV-luminesce are under developments for commercial-scale usage. Examples
of such systems would be the NV-spin based optical microscope for quality and performance testing
of microelectronic circuits [155] and three-dimensional structural analysis of single molecules [156].
Functionalized nanodiamonds are now available in the market with enhanced optical properties en-
abling wider options of biocompatibility and biofunctionalization.
The NV-magnetometry provides us with an extensive platform suitable for probing condensed-matter
physics over a broad range of temperatures. Since the distance between the sensor and the sample
can be reduced to nanometers scale, this could help to visualize the magnetic phenomenon in nano-
materials with high spatial resolutions. Efforts are already taking place for imaging electron currents
in two-dimensional materials such as graphene sheets. NV spin microscopes could help to check
the magnetic-textures and current distributions in commercially available electronic products such as
hard-disk drives. This could also lead to the fabrication of high capacity magnetic storage devices.
The high sensitivity of NV-magnetometry using pulsed optical schemes will eventually lead towards
a full-scale three-dimensional nuclear magnetic resonance systems for imaging protonic-spins and
individual bio-molecules.
The combined sensing capability of thermometry and magnetometry could be helpful for magnetic
hyperthermia. Magnetic hyperthermia requires localized heating to kill cancer cells. Nanodiamonds-
nanomagnets composite particles as used in my thesis Chapter 5 have to be functionalized so that
they could stick with biological cells. For magnetic hyperthermia the amplitude and frequency of
external magnetic fields are accurately tuned so that localized heating enough to kill cancer cell could
be produced. The heating can be produced during the magnetization flipping in nanomagnets under
the influence of AC-magnetic-fields. In this situation the NV sensor would help us to monitor the
localized temperature and the applied magnetic fields so that optimum heating could be achieved.
The application of thermometry using NV-photoluminescence spectroscopy described in chapter 6
could help to monitor the temperature of microscopic electronic circuits and devices. Since nanodia-
monds are bio-compatible, therefore a broad scope of thermometric applications are available such as
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observation of chemical reactions (photosynthesis) inside cells or microscopic living species. Indoor
forming would require optimization of temperature, humidity and light intensity during photosyn-
thesis for maximum productivity. The microscopic observation of photosynthesis could possibly be
carried using the NV based thermometry. During photosynthesis living organisms plants convert the
light energy into chemical energy as a result heat exchange takes place. The rate of photosynthesis
generally increases with temperature, however there is an optimum temperature for which maximum
rate of photosynthesis can be achieved. The temperature range of the photosynthesis (10 - 40 C) lies
within the NV thermometry. The surface chemistry of nanodiamonds has to be modified so that they
could enter inside or stick to the walls of the cells and then the luminescence of NV center can be
used for thermometry during photosynthesis.
The experimental results of chapter 7 open new possibilities of applying NV-centers for studying com-
plicated natural phenomena. The study and understanding of the dynamics of evaporating droplets
seem to be very simple but every year several papers are being reported with new results. This shows
a wide scope for research and experimentation, moreover the NV thermometry could finally validate
several reported results which are yet unexplained and a source of confusion in the literature.
In the end, I would like to highlight some of the ongoing projects around the world which are based
on nanoscale sensing such as the development of quantum computers, magneto-optical imaging of
brains, detection of neural activity, thermometry inside living cells and optical nanoscopy. In future,
the combination of nanoscale sensing and imaging techniques along with nanomedicines could help
scientists to devise methods for early detection, improved diagnostics and treatment for diseases like
diabetes, Alzheimers disease and cancer making positive impacts on human health.
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